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GENERAL INTRODUCTION 
 
 
Sudden death of a perceived healthy athlete, although infrequent (1-2:100.000), has 
enormous impact on family, friends, sport clubs, and the general public.1 Sudden 
death in athletes is primarily caused by unrecognized cardiac disease. Under 35 
years of age most sudden cardiac deaths (SCD) are due to cardiomyopathy such as 
hypertrophic cardiomyopathy (HCM) and arrhythmogenic right ventricular 
dysplasia/cardiomyopathy (ARVD/C), or coronary artery anomalies.  Over 35 years of 
age 80% of SCD is caused by ischemic coronary artery disease.2-5 
The European Society of Cardiology recommends mandatory pre-participation 
screening of athletes including personal and family history-taking, physical 
examination and electrocardiography.4, 6 If the results of clinical evaluation or pre-
participation screening of athletes warrant further investigation for non-ischemic 
cardiac disease, non invasive imaging is typically used to identify the presence of 
structural heart disease.7, 8 After electrocardiography, echocardiography is the first 
step to evaluate suspected abnormalities as it can accurately assess cardiac function 
and morphology, whilst being inexpensive, rapid and widely available. If the 
echocardiogram remains inconclusive, cardiac magnetic resonance imaging (cardiac 
MRI) is often requested because of its excellent resolution and better visualization of 
the right ventricle (RV) compared to echocardiography.  
There is substantial overlap between physiological adaptation and cardiomyopathy. 
The overlap is created by physiologic changes, due to long term remodelling in 
response to the increased volume load during endurance training (athlete’s heart), 
which resemble relevant cardiac disorders associated with SCD in athletes.1, 9 This is 
especially the case when left ventricular (LV) wall thickness or LV volume is 
increased to such an extent that it fulfils respectively HCM or dilated cardiomyopathy 
(DCM) criteria, or when the RV becomes enlarged, a hallmark feature of ARVD/C.1, 10, 

11 This distinction is relevant when a potentially career changing decision must be 
made for the individual athlete.1, 4, 8 Unfortunately, insufficient data are available to 
reliably distinguish the athlete’s heart from cardiac disease on MRI, in particular for 
the right ventricle.4, 12-14 Reliable MR cardiac reference values should reduce 
inconclusive reports caused by the grey area between physiological adaptation and 
cardiomyopathy. 
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THESIS OUTLINE 
 
 
The primary purpose of this thesis is to provide cardiac MRI reference values of 
normal cardiac adaptation to physical training. Reference values are necessary to 
help distinguish an athlete’s heart from cardiomyopathy in order to provide more 
conclusive MRI reports. Our reference values of cardiac volumes and wall-mass are 
corrected (or stratified where applicable) for age, gender, training level, and body 
surface area (calculated from a person’s length and weight).  
Our secondary purpose is to present the value of 3-Dimensional MRI coronary 
angiography in detecting proximal coronary artery anomalies and severe proximal 
stenosis. 
 
We present an overview of the role of cardiac MRI and multidetector CT imaging in 
the evaluation of structure (diameters, volumes, mass) and function of both the right 
and left ventricle in athletes who are possibly at risk in chapter 2. These highly 
accurate and reproducible modalities are increasingly used in the work-up of athletes 
with suspected abnormalities on screening.  
Cardiac MRI offers excellent image quality, independent of body weight, with 
superior soft tissue contrast and visualisation of the right ventricle in comparison to 
echocardiography. Multidetector CT gives the best non-invasive coronary artery 
resolution and provides detail approaching that of conventional coronary 
angiography. If assessment of function is not required, low radiation dose (<5 mSv) 
prospectively gated multidetector CT angiography can substitute the relatively high 
dose (10–21 mSv) of retrospectively gated multidetector CT to rule out coronary 
artery anomalies and coronary artery disease. 
Cardiac MRI is the first option for athletes less than 35 years of age with little chance 
of coronary artery disease. If over 35 years of age, further diagnostic modalities may 
include multidetector CT to assess coronary artery disease. 
 
In order to make an accurate diagnosis on cardiac MRI, quantitative volume, mass 
and function measurements are often necessary. Left ventricle quantification is an 
established clinical tool used to diagnose HCM and DCM, but accurate right 
ventricle quantification is also needed for the workup and follow-up in congenital 
heart disease and ARVD/C. Since no clear instructions are available for manually 
contour tracing short-axis cines, chapter 3 describes a reproducible left and right 
ventricular quantification protocol, which can be used for both clinical and research 
purposes, as well as to train persons inexperienced in cardiac MRI. 
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Cardiac screening of athletes is becoming standard practice. Chapter 4 provides right 
and left ventricular cardiac MRI reference values for healthy endurance athletes 
under 40 years of age, with comparison to healthy age and gender matched non-
athletes, and gives upper limits of physiological adaptation to exercise training. These 
values are necessary to reduce inconclusive reports, to prevent athletes being barred 
from sports activities because of false positive findings on cardiovascular evaluation 
as well as to prevent unjustified reassurance of athletes in whom cardiac pathology 
goes unnoticed. 
 
Pre-participation and periodic screening of young athletes receives most attention. 
However, one must realize that mature athletes (athletes aged 40 years and above 
who have continued or taken up athletic activities in midlife) have a much higher risk 
of sports-related cardiovascular events. Most cases of SCD in mature athletes are 
caused by coronary artery disease, but “silent” cardiomyopathy still accounts for a 
significant proportion of these fatalities. Until now it was unclear to what extent 
cardiac volumes and wall-mass in mature athletes differ from the younger athletic 
population and if separate reference values for upper limits of adaptation are 
required. The impact of age on ventricular volumes and wall-mass in athletes, and 
cardiac MRI reference values of the mature sedentary and athlete population are 
presented in chapter 5. 
 
Cardiac adaptation to physical endurance training, the ‘‘athlete’s heart’’, is 
considered to be a physiological process without affecting systolic or diastolic 
function. It has, however, been suggested that these ‘‘normal’’ alterations have 
implications for mitral and tricuspid valve function if annular dilatation causes 
incomplete closure of the valve leaflets. In addition, there is considerable overlap of 
the physiological atrial and ventricular dilatation of the athlete’s heart with HCM, 
DCM and ARVD/C and cardiac MRI reference values for physiological atrial 
enlargement to physical training are largely unavailable. Cardiac MRI reference 
values for atrial adaptation to physical training in endurance athletes and the 
relationship between atrial, ventricular and annular size and valvular function using 
quantitative flow imaging of the cardiac valves are presented in chapter 6. 
 
Well-established cut-off values to identify cardiomyopathy resulted almost 
exclusively from studies using echocardiography as the non-invasive research tool. 
Whether these echocardiographic values can be implemented on cardiac MRI 
measurements in the athletic population is unknown. In addition, echocardiography 
always precedes cardiac MRI and it is unclear if the individual echocardiographic 
measurements correlate with cardiac MRI measurements. 
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To establish the potential bias between cardiac MRI and echocardiography, we 
compare the two techniques in chapter 7 by using measurements of ventricular and 
atrial dimensions as well as ventricular wall thickness. With cardiac MRI as the 
reference method we relate the echocardiographic and cardiac MRI obtained 
dimensions to the cardiac MRI ventricular volumes and wall mass. 
 
Coronary artery anomalies (CAA) are the second most common cardiovascular cause 
of SCD in athletes under 35 years of age. A high risk CAA involves a malignant inter-
arterial course between aorta and pulmonary trunk, which can be compressed during 
exercise. Cardiac MRI angiography without contrast material and radiation is 
preferable to multidetector CT angiography in younger athletes where it suffices to 
rule out coronary artery anomalies. As only visualization of the proximal coronary 
arteries is necessary to rule out CAA, a shorter scan with limited coverage can be 
combined with clinical cardiac anatomy and function MRI. 
Chapter 8 provides an optimized balanced turbo-field-echo sequence and evaluates 
its feasibility as a diagnostic tool to visualize the coronary arteries. Chapter 9 shows 
results of the optimized 10 minute free-breathing balanced turbo-field-echo sequence 
and evaluates its potential to be included in the clinical cardiac MRI protocol to rule-
out coronary artery anomalies in healthy athletes and non-athletes. 
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ABSTRACT  
 
Advanced cardiac imaging, using cardiac magnetic resonance imaging (cardiac MRI) 
and multidetector computed tomography (multidetector CT), is increasingly used in 
the work-up of athletes with suspected abnormalities on screening. Both imaging 
modalities produce highly accurate and reproducible structural and functional 
cardiac information. Cardiac MRI has the advantage of imaging without radiation 
exposure or use of iodine containing contrast agents, but is sometimes not possible 
due to claustrophobia or other contraindications. Although cardiac MRI can rule out 
coronary artery anomalies, multidetector CT is superior to cardiac MRI for visualizing 
the full extent of the coronary arteries and atherosclerotic coronary artery disease. For 
patients below 35 years of age, cardiac MRI is the first option after initial 
echocardiography for further assessment of cardiomyopathies, myocarditis and 
coronary anomalies, which are major causes of sudden cardiac death in young 
athletes. For athletes over 35 years of age the most common cause of sudden cardiac 
death is coronary artery disease, whereby cardiovascular screening requires further 
diagnostic modalities and may include multidetector CT. 



Chapter 2 

19	  

	  

INTRODUCTION 
 
Although the precise method and effectiveness of cardiovascular screening remain an 
ongoing debate, athletes increasingly undergo pre-participation cardiovascular 
examinations with the aim to prevent sudden cardiac death. The European Society of 
Cardiology recommends routine pre-participation evaluation of athletes consisting of 
medical history, physical examination and electrocardiography (the ‘Lausanne 
protocol’).1, 2 
Exercise testing and echocardiography are usually the initial diagnostic steps if 
abnormalities are suspected, but advanced imaging modalities like cardiac magnetic 
resonance imaging (cardiac MRI) and multidetector computed tomography 
(multidetector CT) are increasingly used in the evaluation of the athlete’s heart. 
Echocardiography remains the most common tool for non-invasive imaging of 
cardiac structure and function, including stress echocardiography to detect ischemia. 
New echocardiographic techniques (e.g. tissue Doppler imaging and strain imaging) 
are emerging.3  
This paper will provide a practical guide for the use of advanced imaging modalities 
(cardiac MRI and multidetector CT) in the evaluation of athletes; a field where 
evidence based guidelines are absent. 
 
Sudden Cardiac Death in Athletes 
Sudden cardiac death occurs in about 1 in 100.000 athletes per year.4, 5 In athletes 
under 35 years of age, sudden cardiac death is most frequently caused by 
hypertrophic cardiomyopathy (HCM) (26%), followed by coronary anomalies (14%).6 
Other causes are arrhythmogenic right ventricular cardiomyopathy (ARVC) (3% in 
the United States and 22% in Italy), myocarditis (6%), myocardial bridging (4%), 
ruptured aortic aneurysm in Marfan’s syndrome (3%), aortic stenosis (3%), dilated 
cardiomyopathy (2%), electrical heart disease (e.g. long QT syndrome), and 
commotio cordis.6-8 In athletes over 35 years of age, coronary artery disease is the 
most common cause of sudden cardiac death (80%).6-8  
 
The role of cardiac MRI and multidetector CT in identifying athletes at risk 
Cardiac MRI and multidetector CT provide highly reproducible and accurate 
assessments of structure (diameters, volumes, mass), and function of both the right 
and left ventricle. Cardiac MRI offers excellent image quality, independent of body 
weight, with superior soft tissue contrast and visualization of the right ventricle in 
comparison to echocardiography. Cardiac MRI can also depict ischemic scar tissue 
and non-ischemic fibrosis using late gadolinium enhancement.9, 10 Certain metal 
devices, pacemakers, and claustrophobia are contra-indications for cardiac MRI. 
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Multidetector CT gives the best non-invasive coronary artery resolution and provides 
detail approaching that of conventional coronary angiography. Multidetector CT 
does, however, require considerable radiation exposure, the use of an iodine 
containing contrast agent, and often administration of a heart rate lowering drug. If 
assessment of function is not required, low radiation dose (3-5mSv) prospectively 
gated multidetector CT angiography can substitute the relatively high dose (10-
21mSv) of retrospectively-gated multidetector CT, to rule out coronary artery 
anomalies and coronary artery disease.11-13 (Figure 1) 
Coronary artery calcium scoring with multidetector CT requires no contrast agent and 
involves a minimum of radiation.14 Multidetector CT is also faster and less operator 
dependent than cardiac MRI.  
The distinction between physiological adaptation of the athlete’s heart and cardiac 
disease is difficult due to a substantial overlap, the so-called grey zone.15 For 
example, 2% of elite male athletes have left ventricular wall thickness of 13-15mm, 
and 15% have left ventricular cavity enlargement of 60mm or more, showing overlap 
with mild cardiomyopathy.15, 16 Right ventricular dilatation is found in ARVC patients 
as well as athletes early in their training.17-19  
Specific reference values for athletes are needed to prevent athletes being barred 
from sports activities because of false positive findings and to prevent unjustified 
reassurance of athletes in whom cardiac pathology goes unnoticed. 
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Figure 1  Decision tree for the use of advanced non-invasive cardiac imaging modalities in the evaluation 
of athletes. 3D CMRA = 3-dimensional coronary MR angiography, HCM = hypertrophic cardiomyopathy, 
ARVC = arrhythmogenic right ventricular cardiomyopathy, CAA = coronary artery anomaly, CAD = 
coronary artery disease. 
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Figure 2  Hypertrophic cardiomyopathy. Patient with out-of-hospital cardiac arrest due to ventricular 
fibrillation. The cardiac MR images, with 4-chamber view (upper row) and short-axis view (lower row) at 
end-diastole (A, D) and end-systole (B, E), show marked septal hypertrophy of 28mm in diastole (white 
double headed arrow). The late gadolinium enhancement views (C, F) show enhancing fibrosis of the 
septum (black arrows). LV = left ventricle; RV = right ventricle. 
 
 
Hypertrophic cardiomyopathy  
HCM has a prevalence of 1:500.4, 20 Classic cardiac MRI criteria for HCM include left 
ventricular wall thickness >12mm combined with a relatively non-dilated left 
ventricle (<56mm) in association with impaired diastolic function, enlarged left atrial 
diameter >50mm, or left ventricular outflow obstruction.21 2% of elite male athletes 
also have left ventricular wall thickness of 13-15mm.4, 15, 16 HCM more often 
manifests itself as an asymmetrical septal wall hypertrophy rather than the concentric 
hypertrophy found in athletes.18 Obstructive HCM is identified by left ventricular 
outflow tract obstruction with turbulent flow and mitral valve prolapse.22 Late 
gadolinium enhancement is of special value, enabling visualization of fibrotic 
changes in the myocardium in symptomatic and asymptomatic patients.23 (Figure 2)  
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Late gadolinium enhancement in HCM is a better predictor of arrhythmias and the 
subsequent risk of sudden cardiac death than wall thickness and age.23, 24 The chance 
of arrhythmias, including non-sustained ventricular tachycardia associated with 
sudden cardiac death, is raised seven fold if late gadolinium enhancement is seen in 
HCM.25 What influence extent and location of late gadolinium enhancement has on 
arrhythmia is still under debate.23, 25 
 
 

 
Figure 3  Coronary anomalies: MRI versus CT. Non invasive coronary angiography in a 17 year old 
patient, following successful resuscitation after out of hospital cardiac arrest, showing an aberrant RCA, 
originating between the right and left coronary sinus, and coursing between the ascending aorta and the 
pulmonary outflow-tract. The proximal RCA shows a significant stenosis (black arrow). Cardiac MRI (A) 
and multidetector CT (B) globe views. LAD= left anterior descending; RCA = right coronary artery; RCX = 
right circumflex artery. 

 
 
Coronary Artery Anomalies 
Anomalous origin of the left main coronary artery from the anterior right sinus of 
Valsalva, coursing anteriorly between the pulmonary trunk and the aorta, is 
commonly associated with sudden cardiac death.11, 26 Sudden cardiac death during 
exercise training can also be caused by an anomalous right coronary artery 
originating from the left sinus, coronary hypoplasia, and left main artery originating 
from the pulmonary trunk. However, a posterior course between aorta and low 
pressure atrium is not associated with sudden cardiac death.11, 26-29 
Coronary artery anomalies can be well visualized using either cardiac MRI or 
multidetector CT, both with consistent results, generally without medication due to 
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the athlete’s low resting heart rate. Cardiac MRI is preferred below 35 years of age as 
it requires no radiation or intravenous contrast agent. 3D coronary MR angiography 
can be included in the clinical cardiac MRI protocol to screen for coronary artery 
anomalies in asymptomatic athletes taking only 10 minutes extra scan time.30 If 3D 
coronary MR angiography remains inconclusive or confirmation is needed, 
multidetector CT angiography can visualize the coronary tree using prospectively 
gating protocols with modest radiation of 3-5mSv.12 A radiation dose around 1mSv 
can now be achieved in athletes with low heart rates. (Figure 3)  
 
Arrhythmogenic Right Ventricular Cardiomyopathy  
ARVC is characterized by structural and functional abnormalities of the right 
ventricle (RV) due to replacement of the myocardium by fatty and fibrous tissue.18, 31 
Left ventricular involvement is often seen (up to 75%) in severe disease.32 ARVC can 
produce ventricular tachyarrhythmias occurring mostly during exercise, mimicking 
relatively benign right ventricular outflow tract tachycardia. Sudden cardiac death 
can also be the first symptom.33-35  
There is no gold standard for the diagnosis of ARVC; however, the McKenna criteria 
are widely used. They consist of a combination of electrophysiological, histological 
and morphological criteria and genetic criteria.32, 36 The main difficulty in 
distinguishing athletes from ARVC patients is that both have right ventricular 
dilatation and a larger right ventricular volume compared to left ventricular 
volume.17, 18 Consequently, additional criteria are needed.  
Cardiac MRI is probably the most useful non-invasive tool to both identify and 
follow-up cardiac volumes (dilatation) and function (ejection fraction, right 
ventricular wall-motion abnormalities/ dysfunction) but especially abnormalities such 
as focal aneurysms, fibrosis (seen on late gadolinium enhancement) and fatty 
replacement of the right ventricular myocardium (T1 weighted black-blood series).16, 

18, 22, 37 (Figure 4) If cardiac MRI is not possible, multidetector CT can also provide 
reliable diagnostic information.38 
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Figure 4  Arrhythmogenic right ventricular cardiomyopathy (ARVC). Patient with ARVC. Cardiac 4-
chamber (A, B) and 2-chamber views (D, E) at end-diastole (left) and end-systole (mid) show right 
ventricular dilatation and a normal left ventricular diameter measuring 54mm and 49mm respectively 
(double headed black arrows), with increased right ventricular trabecularisation. The right free wall shows 
a broad-based dyskinetic segment in systole (arrowheads in B). Late gadolinium enhancement shows 
extensive fibrosis (black arrows) is seen on the short-axis (C) and 2-chamber-right ventricle (F) views. 
LV=left ventricle; RV= right ventricle. 
 
 
 

 
Figure 5  Myocarditis. Patient with viral myocarditis. 4-chamber (A) and left-ventricle-outflow-tract cine 
view (C) show normal right ventricular (47mm) and left ventricular (51mm) diameters and normal septal 
wall thickness (9.7mm). The late gadolinium enhancement views (B, D) show patchy enhancement of the 
lateral and inferior left ventricular wall (black arrows). LV = left ventricle; RV = right ventricle.  
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Myocarditis 
Myocarditis, another cause of sudden cardiac death in young athletes, is an 
inflammatory infiltrate of the myocardium with necrosis and degeneration of 
myocytes.22, 27, 39 It is most frequently caused by a viral infection, but can also be 
caused by drugs and toxic agents.39 Late gadolinium enhancement is seen in 75% of 
patients, most often in a patchy distribution, mostly of the lateral wall (67%), and 
more often found on the epicardial side of the wall (67%) than transmural (22%) or 
midwall (11%). Pleural and pericardial effusion are often present.40 (Figure 5)  
 
Myocardial bridging 
Myocardial bridging refers to tunnelling of the coronary artery through the 
myocardium, usually the left anterior descending artery, which can cause systolic 
compression and ischemia. Myocardial bridging is a commonly encountered variant 
on coronary multidetector CT angiography and during autopsy, but is only very rarely 
associated with sudden cardiac death.6, 7, 41 Myocardial bridging is best visualized 
with multidetector CT angiography but proximal tunnelling can also be imaged with 
cardiac MRI.42 
 
Ruptured aortic aneurysm in Marfan’s syndrome 
Aortic dilatation and / or dissection are the major cardiac MRI criteria for Marfan’s 
syndrome and can cause sudden cardiac death.43 Both (abdominal) aortic diameter 
and aortic distensibility are independent predictors of progressive aortic dilatation.44 
For optimal risk assessment of aorta dissection, these parameters should be measured 
yearly.43, 44 74% of these patients also have an enlarged pulmonary artery root above 
the upper limit of normal (35mm).45  
 

 
Aortic Stenosis 
Aortic stenosis, subdivided into sub-valvular, valvular and supra-valvular stenosis, is 
a rare but possible risk factor for sudden cardiac death most often occurring during 
physical exertion.28, 46 The majority of young competitive athletes with aortic stenosis 
have congenital lesions, they present with syncope, and are often first identified by 
the presence of a heart murmur or associated left ventricular hypertrophy.47  
Transthoracic Doppler echocardiography will usually suffice for the assessment of 
aortic stenosis, but sometimes trans-oesophageal echocardiography is required for 
further analysis.48 Cardiac MRI and multidetector CT are good alternatives to trans-
oesophageal echocardiography for assessing the severity of the atrioventricular 
stenosis by measuring the remaining area of the atrioventricular opening, as well as 
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quantifying associated left ventricular hypertrophy. In addition, calcifications of the 
aortic annulus and leaflets can be well visualized with multidetector CT, and fibrosis 
in the associated wall hypertrophy can be visualized with late gadolinium 
enhancement imaging on cardiac MRI. (Figure 6) 
 
 

 
Figure 6  Aortic valve stenosis. Cardiac MRI of patient with aortic valve stenosis. The left-ventricle-outflow-
tract view (A) shows aortic valve stenosis with a jet (black arrow) in the aorta (peak velocity 302cm/sec) 
during systole. The view in the aortic valve plane (B) shows a small remaining opening of the tricuspid 
aortic valve of 0.8cm2 during systole (white arrow). LA= left atrium; LV = left ventricle. 
 
 
Dilated cardiomyopathy 
Dilated cardiomyopathy is characterized by biventricular dilatation, systolic 
dysfunction, with risk of progressive heart failure, arrhythmias, thrombo-embolism 
and sudden cardiac death.32 Echocardiographic criteria for dilated cardiomyopathy 
include a left ventricular diameter >60mm, which is found in at least 15% of elite 
athletes.15, 16 Cardiac MRI can be used to quantify ventricular dilatation, function, and 
wall-motion abnormalities, but especially late gadolinium enhancement of the 
ventricular wall which is caused by fibrosis or collagen deposition.23, 49, 50 Late 
gadolinium enhancement can differentiate ischemic (with subendocardial to 
transmural enhancement) from non-ischemic (no, midwall or epicardial 
enhancement) causes of dilated cardiomyopathy.50, 51 The extent of  late gadolinium 
enhancement in non-ischemic dilated cardiomyopathy is a better predictor of cardiac 
events, including arrythmias and death, than left ventricular function.50 The cause of 
dilated cardiomyopathy is often idiopathic, however it can also be a genetic disorder 
like non-compaction cardiomyopathy.52 Non-compaction cardiomyopathy, 
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associated with heart failure, thromboembolism, and arrhythmia, is characterized by 
a prominent trabecular network with a non-compact/compact myocardium ratio of > 
2.3 in end-diastolic phase on cardiac MRI and > 2 in end-systolic phase on 
echocardiography.53 (Figure 7) 
 
 

 
Figure 7  Dilated cardiomyopathy / non-compaction cardiomyopathy. Patient with non-compaction and 
dilated cardiomyopathy. The 4-chamber cine views in end-diastole (A) and end-systole (B) show a dilated 
left ventricle and right ventricle (end-diastole 74mm and 51mm respectively) with a low left ventricular 
ejection fraction (38%).The short-axis diastolic (C) and systolic (D) cine views show a wide zone of non-
compacted myocardium of the left ventricular lateral wall with a ratio of  non-compact : compact 
myocardium  of 5:1 (white double headed arrows). LV = left ventricle; RV = right ventricle. 
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Coronary Artery Disease 
As coronary artery disease is the main cause (80%) of sudden death in older athletes, 
and relatively uncommon in the young, preparticipation screening in athletes 35 
years and older is aimed particularly at cardiovascular risk stratification and detection 
of coronary artery disease.6, 7 
Exercise testing as a routine addition to the Lausanne protocol has recently been 
advocated to increase the yield of screening.1 
Generally speaking, the guidelines for management of cardiovascular risk and 
evaluation of coronary artery disease (detection of ischemia) in the general 
population apply to athletes as well.54 As a result of regular exercise, athletes 
generally have a favourable cardiovascular risk profile (as assessed by conventional 
risk factors, e.g. using the SCORE and Framingham cardiovascular risk scores).55 In 
addition to an often atypical presentation of symptoms (e.g. reduction of exercise 
tolerance, fatigue and dyspnoea on exertion rather than typical angina pectoris) a 
high index of suspicion is required as well as tailored exercise protocols when 
evaluating athletes. Calcium scoring of the coronary arteries with multidetector CT 
may be used to assess the risk of exercise related coronary events in athletes.55 
However, a paucity of data exists in competitive athletes directly relating the 
presence and severity of coronary artery disease to the risk of athletic participation. 56 
At the expense of radiation exposure, multidetector CT is superior to cardiac MRI for 
visualizing the coronary arteries and coronary artery disease. However, radiation 
exposures around 1mSv can now be achieved in athletes with low heart rates. 
The role of cardiac MRI in identifying coronary artery disease is limited because 
image quality is hampered by relatively low contrast-to-noise-ratios, high diffuse 
calcification grades, arrhythmias during the scan, and severe luminal narrowing 
caused by reduced blood flow.14 Cardiac MRI can rule out significant coronary artery 
disease as it has high negative predictive value, and may be suited for patients with 
high calcium scores (Agatston scores ≥600) in whom multidetector CT angiography 
produces too many imaging artefacts.14, 57, 58 (Figure 8) In addition, late gadolinium 
enhancement seen on cardiac MRI in patients with suspected coronary artery disease 
but no history of myocardial infarction, is an important predictor of cardiovascular 
morbidity and mortality.59 
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Figure 8  Coronary artery disease and coronary stenosis. Prospectively gated multidetector CT angiogram 
(radiation dose 1.3 mSv) reconstruction of the right (dominant) coronary artery with an aberrant origin from 
the left sinus, coursing between the aorta and pulmonary artery. Right coronary artery calcification is 
present (black arrow), and a soft plaque is visible causing significant stenosis (70%) (white arrow). 
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CONCLUSION 
 
The increase in preparticipation cardiovascular screening using the Lausanne 
protocol will ultimately lead to an increased use of cardiac MRI and multidetector CT 
in the cardiovascular work-up of athletes. The role of cardiac MRI, in addition to or 
instead of echocardiography, is well established in the evaluation of 
cardiomyopathies, coronary artery anomalies (with 3D coronary MR angiography), 
myocarditis, aortic stenosis, and diseases of the aorta. In athletes over 35 years of 
age, in whom coronary artery disease is the main cause of sudden cardiac death, 
multidetector CT (including calcium scoring of the coronary arteries) is emerging as a 
useful tool in cardiovascular risk stratification and assessment of the presence and 
extent of coronary artery disease. At the expense of a higher radiation exposure 
multidetector CT can also be used for the assessment of cardiac function. Reduction 
of radiation dose will remain an important issue in the widespread implementation of 
multidetector CT.  
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ABSTRACT  
 
Objective MRI quantification of the cardiac ventricles is time-consuming, especially 
for the right ventricle due to its complex geometry. Using a short axis MRI protocol, 
we tested if briefly coaching persons inexperienced in cardiac MRI provides reliable 
right and left ventricular quantification.  
Methods 22 healthy subjects (mean age 26 ± 4.2 years) underwent short-axis breath-
hold SSFP sequence cardiac MRI. Two persons inexperienced in cardiac MRI 
independently traced endocardial and epicardial contours of both ventricles with a 
predefined contour tracing protocol. Measurements were repeated after visual 
correction of each two most basal slices of the endocardial contours and epicardial 
contours in the learning curve. Five random short-axis cines were retraced for intra-
observer variability. Measurements were performed blinded within 4 months. 
Agreement was assessed with the Bland-Altman method.  
Results No systematic bias was observed and measurements were within acceptable 
limits of agreement after brief coaching. Repeat measurements following visual 
correction significantly improved inter-observer differences, especially for mass 
calculations. Maximum interobserver and intraobserver disagreement of the final 
protocol were respectively ≤ 8% and ≤ 5%. 
Conclusion Brief coaching of persons inexperienced in cardiac MRI, using the short 
axis MRI protocol provides reliable volume, function and mass quantification of both 
ventricles.	  
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INTRODUCTION 
 
Cardiac MRI is increasingly requested by clinicians worldwide in the workup of 
patients with suspicion of or established diagnosis of cardiovascular disease. The 
accuracy and reproducibility of cardiac MRI is well known. 1-5  
Quantitative volume, mass and function measurements are often mandatory for 
making an accurate diagnosis. 1 Left ventricle (LV) quantification is an established 
clinical tool, but accurate right ventricle (RV) dimensions and function are also 
increasingly used for the workup and follow-up in congenital heart disease and 
cardiomyopathies such as arrhythmogenic RV cardiomyopathy (ARVC). 6, 7 The short-
axis multi-slice acquisition is an important part of standardized clinical cardiac MRI 
protocols and shows good correlation with in vivo standards and radionuclide 
angiography, making it well suited for the determination of quantitative ventricular 
parameters. 2, 8  
Automatic segmentation is often insufficient if more accurate quantification is 
required due to varying inclusion of trabeculae and papillary muscles of the LV, and 
varying enclosure of the most basal slice and the LV outflow tract (LVOT). The non-
geometrical shape and asymmetric basal appearance of the RV outflow tract (RVOT) 
and tricuspid valve (TV) makes RV tracing difficult. 2, 9-12 

A robust and reproducible contour tracing protocol is needed to measure LV and RV 
volume, function and mass quantitatively. 9, 10, 13, 14 No clear instructions are available 
for defining how to quantify volumes and wall mass by contour tracing the LV and 
RV. Existing RV protocols show high intra- and interobserver variability (up to 60%) 
for the two most basal endocardial and epicardial contours and RV wall mass is 
especially difficult to reproduce (R2 equalling 0.85). 2, 5, 9-11, 15-17 In this study we aimed 
to establish a robust short axis cine-based contour tracing protocol for both LV and 
RV which can be used to train persons inexperienced in cardiac MRI.  
 
 
METHODS 
 
Study Population 
22 healthy subjects (mean age 26 ± 4.2 years) underwent MRI imaging. No cardiac 
disease or valvular pathology was visualized during the MRI scan in any of the 
subjects. The absence of pathology was also confirmed by an elaborate 
questionnaire, blood pressure measurement, electrocardiography, and 
echocardiography. This study complies with the Declaration of Helsinki. The 
research protocol was approved by the Institutional Ethics Committee University 
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Medical Center Utrecht, and written informed consent has been obtained from all 
subjects.  
 
Acquisition Protocol 
Cardiac MRI images were obtained with a 1.5-T Achieva MRI scanner (Philips, Best, 
the Netherlands) with a phased-array cardiac coil. An ECG-gated breathhold vertical 
long axis (2 chamber) LV and horizontal long axis (4 chamber) image were used to 
identify the cardiac short axis. The whole heart was imaged in the short axis plane, 
from ventricular apex to base including both atria, using 14 to 20, 10-mm slice 
steady-state free precession (SSFP) cines without interslice gap, of 50 frames per 
cardiac cycle, matrix 256x256, and FOV 350-400. 18 
All images were acquired during 10- to 15-second breathholds and stored digitally 
for offline analysis of cardiac volumes, mass and function. The same experienced 
operator performed all cardiac MRI scans. 
 
Image analysis 
Analysis was performed on a clinical workstation with semi- automated contour 
tracing software (View Forum cardiac package version R5.1V1L1 2006, Philips, Best, 
the Netherlands). Two persons inexperienced in cardiac MRI (medical students) 
independently traced endocardial (for volume measurement) and epicardial (for wall 
mass defined as ventricular wall enclosed by endocardial and epicardial contours) 
contours of both ventricles with the predefined contour tracing protocol in 22 
subjects. Measurements were repeated after visual correction of the endocontours of 
each two most basal ventricular slices and all epicardial contours as a learning curve. 
For inter-observer variability measurement, all 22 subjects were retraced. Each 
observer subsequently retraced 5 random short-axis cines for intra-observer 
variability. All measurements were performed blinded and at random over a period 
of 4 months. The level of agreement was assessed utilizing the statistical regression 
model and the Bland-Altman method. 1, 2, 19-21 
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Figure 1  Basal slices in end-diastole (A, B, C, D); and end-systole (E, F, G, H) in one subject. Because the 
ventricle shortens during contraction the most basal end-diastolic ventricular slice (C) is not at the same 
level as the most basal end-systolic slice (F).  

 
 
Contour Tracing Protocols   
We adapted a contour tracing protocol to calculate left and right ventricular volumes 
and wall mass based on one already used in the Radiology department. 19, 22 In this 
protocol both LV and RV were traced from the most apical short-axis slice to the 
most basal slice on the ventricular side of respectively the tricuspid valve and mitral 
valve. The LV and RV end-diastolic (EDV) and end-systolic (ESV) volumes, derived 
ejection fractions (EF), stroke volumes (SV) cardiac outputs (CO), and end-diastolic 
masses (EDM) were calculated by adding the areas for each slice per ventricle, 
multiplied by the slice thickness using the Simpson’s rule.3, 5 No inter-slice gaps are 
present in our short-axis protocol. 
The quantitative analysis included two steps for both left and right ventricle: 1. 
tracing the endocardial contour in end-diastolic and end-systolic phase for volume 
and function; 2. the epicardial border in end-diastolic phase for wall mass. 
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Figure 2  Determining the amount of visible LV myocardial circumference. A: in this subject’s end-
diastolic phase, less than 50% myocardial circumference is visible, therefore no endocontour is drawn 
here; B: in this subject’s end-diastolic phase, over 50% myocardial circumference is visible, and therefore 
included in the endocardial contour. 
 
 

 
Figure 3  ABCD: in this subject the first four phases  (A: phase 1; B: phase 2;C: phase 3; D: phase 4) 
starting with the end-diastolic phase (A) are shown. Since the RV trabecularisation around the TV stayed 
visible for more than the required 3 phases, it was included in the endocardial contour together with the 
RV outflowtract. Anatomical borders of the TV and PV were clear. EFGH: four phases (E: phase 1; F: phase 
2;G: phase 3; H: phase 4) starting in end-diastolic phase (E) of another subject are shown here. Since the 
RV trabecularisation around the TV stayed visible for less than 3 phases, it was left out the endocardial 
contour. 
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Left ventricle 
First, the LV endocardial contours were traced, starting with the determination of the 
end diastolic phase (mitral valve has just closed). The endocardial contours were 
traced from the most apical to the most basal slice excluding the papillary muscles 
and trabeculae. The papillary muscles and trabeculae were excluded from the 
endocardial contour and therefore included in the blood volume.  
The endocardial contour forms a smooth ellipsoid line between the trabeculae and 
the endocardial border. (Figure 1) The most basal LV slice had to show at least 50% 
visible myocardial circumference at mitral valve level to be included. (Figure 2) The 
LV outflow tract is also included in the endocardial contour, with the lateral border 
of the aortic valve as a straight line alongside the aortic valve plane. (Figure 1F, 2B)  
Second, the epicontours were traced at end diastole, including ventricular septum for 
LV mass measurement and overlapping the endocontour at valve planes. (Figure 
1ABC)  
 
Right ventricle 
The RV endocardial contours were traced with instructions to accommodate for the 
difficulties encountered in drawing contours for the most basal two slices.  
 
Instructions for tricuspid valve (TV) tracing;  
1. As the TV opens into the RV in diastole, the TV can be visible in more than one 

basal slice. The TV can only be excluded once on the most basal slice at end-
diastole where it is at least 50% visible in the RV. (Figure 3) 

2. If the upper TV border is clear, the TV is fully excluded from the most basal slice 
at end-diastole. (Figure 3A)  

3. When the upper half of the TV border is unclear, the lower half is drawn in with 
a straight cut-off line between lateral border and septum.  (Figure 4C) 

4. In the most basal end-diastolic slice, a RV contour can only be drawn if visible 
for at least 3 phases in diastole. (Figure 3, 4) 

5. In the most basal end-systolic slice, the visible RV contour is always traced 
because, at this point in the cardiac cycle, the heart is in maximum longitudinal 
contraction. (Figure 4E) 
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Instructions for tracing the pulmonary valve (PV); 
1. The PV can only be left out the 2 most basal slices that are used for drawing the 

endocardial contour. 
2. The border of the valve (PV plane) forms a straight line. This level is determined 

as where the muscular ventricle border is no longer visible and a bulge appears 
from the valve annulus. No contractions are visible above the PV plane. (Figure 
3A, 4C) 

 
 

 
Figure 4  Basal slices in end-diastole (A, B, C, D); and end-systole (E, F, G, H) in one subject. A straight 
cut-off line is used for the TV because the upper border of the TV with the RV is unclear (C). 

	  

 
Figure 5  Delineation of the RV epicontour. 
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Figure 6  Using the linking tool to link the short axis cine to the LVOT, RVOT, 2 chamber left and right, 
and 4 chamber cines to visualize the anatomical borders of the ventricles. From left to right upper row: 
vertical long axis (2 chamber) left ventricle; horizontal long axis (4 chamber); vertical long axis (2 
chamber) right ventricle; LVOT; RVOT- cines with predefined delineations in black by using the linking 
tool. Crosshairs A through D: each crosshair demarcates a point in space on the short axis cine (lower row) 
which corresponds with the crosshair on one or more of the other views.  

 
 
The papillary muscles, trabeculae and moderator band are excluded from the 
endocontour and included in the blood volume. 
The RV epicontours are traced at end-diastole (phase 1). The epicontour overlaps 
both the septal part of the endocontour, and the endocontour borders at valve planes. 
Visible RV myocardium should be included in the epicontour. However, the RV wall 
is usually so thin that the lateral border of the RV consists mostly of an artifact 
(dashed black-and-grey line) in normal healthy subjects, and the epicontour has to be 
traced just outside this artifact. (Figure 5)  
 
The above-described instructions solved most issues of how to trace the two most 
basal RV short axis slices. However, in a few cases anatomical borders remained 
unclear and the “Linking” tool on the View Forum station was used. With this tool 
the vertical long axis (2 chamber) LV, horizontal long axis (4 chamber), vertical long 
axis (2 chamber) RV, LVOT, and RVOT cines were phase and slice linked to the short 
axis cines. (Figure 6) Ventricular “cut-off” lines were drawn between the most lateral 
and most medial point on each annular ring of each valve in every view. This way 
the observer determined if a certain point at end-diastole or at end-systole on a short-
axis slice fell within one of the “cut-off” lines on one or more of the other linked cine 
views. If the point was located at the ventricular side of the “cut-off” line, this part 
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was taken inside the endocontour. To illustrate this, four points in space and time are 
shown on the short axis series (marked A through D). Each crosshair corresponds 
with the same point in space and time on one or more of the other series. (Figure 6) 
 
Statistical Analysis 
All ventricular volumes, functions and masses were expressed as mean ± standard 
deviation (mean ± SD). The levels of agreement in measured values were evaluated 
with the Bland-Altman analysis by calculating the bias (mean difference) and the 
95% limits of agreement (2 SD around the mean difference). The difference between 
observer values was plotted against their mean to avoid artificial trends. The 
relationship between the two independent observers was evaluated with linear 
regression analysis with Pearson’s correlation coefficient. The significance of biases 
was tested through the use of paired t-tests with a 2-sided alternative. Values of P < 
0.05 were considered significant. Measurement of reproducibility was evaluated by 
calculating the intraobserver and interobserver variability of each technique, defined 
as the absolute difference between the corresponding repeated measurements 
expressed in percent of their mean. 
 
 
RESULTS 
 
No systematic bias was observed and measurements were within acceptable limits of 
agreement after brief coaching. Interobserver differences improved significantly, 
especially for mass calculations, after adjustment of the initial protocol (figure 7, 
table 1). Maximum inter and intraobserver disagreement in all cases of the final 
protocol was respectively ≤ 8% and ≤ 5%, with R2-Linear regression coefficients 
equal to or greater than 0.933 for inter observer correlation. LV versus RV stroke 
volume had a R2-Linear interobserver correlation of 0.908 and R2-Linear 
intraobserver correlation of 0.933, showing good correlation of LV and RV stroke 
volumes. 



Chapter 3 

47	  
	  

 
 
 
  



Standardized Right and Left Ventricular Quantification 

48	  
	  

 

 
 
Figure 7  Final protocol inter-observer Bland Altman Analysis. 
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DISCUSSION  
 
No clear instructions are available for defining how to quantify volumes and wall 
mass by contour tracing the LV and RV. We adapted a widely used short axis contour 
tracing protocol with a specific set of instructions for the most basal planes to obtain 
good reproducibility and correlation of LV and RV results that can be used not only 
for coaching, but also for the standardization of automatic or semi-automatic 
segmentation, particularly for the RV. 23 
Following brief coaching how to perform the measurements, persons inexperienced 
in cardiac MRI can achieve reliable results. 
Our protocol can be especially beneficial in quantification of RV volumes and mass 
for possible cardiomyopathy with RV involvement, like ARVC, and follow-up of 
congenital heart disease such as tetralogy of Fallot. 24-28 
Steen et al. (2007) studied factors influencing volume and mass measurement and 
stated that objective criteria for defining the precise blood-pool myocardial tissue 
interface are needed. 29 Previous studies reported large variability in inter- and 
intraobserver differences for endocardial and epicardial contours in the two most 
basal planes. 2, 5, 9-11, 15-17 In addition, exact instructions on what to include in the most 
basal planes to calculate volumes and wall mass are often unclear. 12, 20, 30 
The LVOT is included in the endocardial contour in most reported LV protocols. 20, 30 
We also chose to include the LVOT and RVOT as the outflow tract is part of the 
ventricles and these clear anatomical landmarks increase reproducibility. Including 
the outflow tracts will increase the ventricular volumes. This will not affect SV (EDV-
EVS) but may reduce EF (ESV divided by EDV). 31-33  
The amount of papillary muscle or trabeculae which can be drawn in for mass varies 
substantially and can make up to 20% difference in wall mass. 12, 20, 34-37 We therefore 
chose not to include papillary muscles in the wall mass. Instead, we included 
papillary muscles and trabeculae in the blood volume for efficiency and 
reproducibility. 29  
We used the short axis cine as it is part of the standard MRI scan protocol in most 
clinical laboratories, and published articles routinely calculate ventricular volumes 
by applying the method of disks to stacks of short-axis images (Simpson’s rule). 1 
Some authors claim that the radial long axis has better reproducibility, as the 
anatomical landmarks are clearer on those views. 9, 15 In subjects in which we 
encountered difficulties due to lack of anatomical landmarks, especially for the TV, 
we established “cut-off” lines that correspond with the valve planes on the RVOT, 
LVOT, 4 chamber and 2 chamber left and right cines. We used SSFP because it 
shows better blood-to-myocardium contrast and higher reproducibility of RV in 
comparison to Turbo Gradient Echo. A limitation of our study is that reproducibility 
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was not tested in a different set of patients after the initial coaching. It remains 
important that the reporting physician checks results of the persons performing 
quantification. 
 
 
CONCLUSIONS 
 
Brief coaching using an adapted short axis cardiac MRI protocol with specific 
instructions, provides reproducible volume, function and mass quantification of the 
RV and LV to facilitate cardiac MRI reporting. 
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ABSTRACT  
 
Objectives To establish cardiac MRI reference values for endurance athletes and 
non-athletes, and study the impact of variables related to ventricular volumes and 
wall-mass. 
Methods 336 prospectively recruited healthy persons aged 18-39 years (mean age 
26±6 years, 46% women) underwent cardiac MRI: 79 elite athletes (exercising > 18 
hours/week), 143 regular athletes (9 – 18 hours/week), and 114 matched non-athletes 
(≤ 3 hours/week).  
Results Body surface area corrected right (RV) and left ventricular (LV) end diastolic 
volume (EDV mL/m2) and wall-mass (g/m2) were significantly higher (P<0.0005) in 
regular/elite athletes than in non-athletes (non-athlete/regular-athlete/elite-athlete 
men RV-EDV 111/136/144, RV-wall-mass 12/14/15, LV-EDV 101/123/129, LV-wall-
mass 48/62/69; women RV-EDV 96/115/118, RV-wall-mass 10/13/14, LV-EDV 
90/107/107, LV-wall-mass 34/46/50). Male gender, body surface area, and training-
hours/week increase ventricular volume and wall-mass. In elite athletes, short-axis 
RV diameter exceeded 50mm in 49%/16% (men/women), and LV diameter exceeded 
60mm in 55%/16% (men/women). Interventricular-septal-wall-thickness was 13–
15mm in 5% regular and 15% elite male athletes. 
Conclusion Cardiac MRI reference values demonstrate increased ventricular 
volumes, diameters, wall mass and wall-thickness for endurance athletes compared 
to non-athletes. High training-hours/week and male gender result in an increased 
overlap with standard thresholds for cardiomyopathy. To help prevent inconclusive 
reports, the 95th percentile reference values can be used as an alternative to standard 
upper limits used for the general population. 
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INTRODUCTION 
 
The European Society of Cardiology recommends mandatory pre-participation 
screening of athletes including personal and family history-taking and physical 
examination and optional electrocardiography.1, 2 After electrocardiography, 
echocardiography is the first step to evaluate suspected abnormalities during this 
screening. If the echocardiogram remains inconclusive, cardiac magnetic resonance 
imaging (cardiac MRI) is often requested. Unfortunately, insufficient data are 
available to reliably distinguish the athlete’s heart from cardiac disease, in particular 
for the right ventricle, due to substantial overlap between physiological adaptation 
and cardiomyopathy.1, 3-5 
With cardiac screening of athletes becoming standard practice, reliable cardiac MRI 
reference values are necessary to reduce inconclusive reports, to prevent athletes 
being barred from sports activities because of false positive findings on 
cardiovascular evaluation as well as to prevent unjustified reassurance of athletes in 
whom cardiac pathology goes unnoticed.  
The purpose of this study was to obtain right and left ventricular (RV, LV) cardiac MRI 
reference values for endurance athletes, with comparison to matched non-athletes, 
and to determine the upper limits of physiological adaptation to exercise training. 
 
 
METHODS 
 
Study population 
Endurance athletes (national and international competition level) and healthy age- 
and sex-matched non-athletes, aged 18-39 years, were prospectively recruited. All 
persons were interviewed, completed a questionnaire regarding training history, past 
medical and family history, and underwent resting electrocardiography and blood 
pressure measurement before cardiac MRI. Persons could only participate if there 
was no history of illness, hypertension or medication. Persons with hypertension, 
unexpected findings on the electrocardiogram or cardiac MRI during the study (see 
below), or contraindications for MRI, were excluded. Electrocardiograms were read 
by a cardiologist according to the European Society of Cardiology pre-participation 
guidelines.6 
Five of the 341 persons were excluded from analysis because of cardiac 
abnormalities discovered during examination: AV-nodal tachycardia, atrial 
tachycardia, atrial fibrillation, and partial anomalous pulmonary venous return with 
atrial septal defect in four athletes and noncompaction cardiomyopathy in one non-
athlete. 
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The final study population consisted of 336 healthy persons aged 18-39 years (mean 
age 26±6, 46% women): 222 endurance athletes with unchanged training activities 
in the past year and 114 healthy age and gender matched non-athlete controls 
(exercising ≤ 3 hours/week). The endurance athletes consisted of 79 elite athletes 
exercising over 18 hours/week: 34 rowers (20/14 men/women), 19 bi-athletes and tri-
athletes (12/7), 14 cyclists (14/0), 12 water-polo players (0/12), and 143 regular 
athletes training 9-18 hours/week: 62 bi-athletes and tri-athletes (33/29), 59 rowers 
(38/21), 12 middle distance runners (7/5), 7 cyclists (5/2), 3 water-polo players (0/3). 
Institutional Ethics Committee approval was obtained and all persons gave written 
informed consent prior to investigation. 
 
Acquisition protocol cardiac MRI 
All persons were examined with 1.5-T MRI scanner (Achieva, Philips Medical 
Systems, Best, the Netherlands) by one operator using advanced cardiac software, 
vector-electrocardiogram triggering and a 5-element phased-array cardiac coil. The 
protocol included electrocardiogram-gated breathhold Steady-State Free-Precession 
cines (2-chamber RV and LV, 4-chamber, short-axis, RV and LV outflow-tract, 
transversal T1-weighted black-blood sequence, and quantitative flow-measurement 
over the valves.7 The whole heart was imaged in the short-axis plane, from 
ventricular apex to base including both atria, using 10-mm slice breathhold cines 
without inter-slice gap of 50 frames per cardiac cycle, matrix 256x256 and field of 
view 350-400mm. 
 
Image analysis, measurements and validation 
Analysis was performed with semi-automated contour-tracing software (View Forum 
cardiac package version R5.1V1L12006, Philips, Best, The Netherlands). Contour-
analysts were trained with 22 test-cases using a previously described reproducible 
contour-tracing protocol before blinded analysis of study cases.8 The maximum 
interobserver and intraobserver disagreement were ≤8% and ≤5% respectively (R2 
0.93-0.99). Interplatform disagreement was tested in 30 cases using Philips View 
Forum and Medis QMass (Leiden, The Netherlands) software and was ≤5% (R2 0.99). 
A second experienced blinded observer checked all contours before finalizing 
results. 
End-diastolic diameters of both LV and RV and maximum interventricular-septal-
wall-thickness (IVSmax) were measured on the short-axis and 4-chamber views 
(Figure 1). 
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Figure 1  End diastolic images with (A) short axis diameters (sa) of right ventricle (RVD-sa), left ventricle 
(LVD-sa), and maximum interventricular-septal-wall-thickness (IVSmax-sa) and  (B) 4 chamber long axis 
diameters (la) of the RV (RVD-la) and (LVD-la), measured between 1 – 2 cm below and parallel to valvular 
leaflets, and maximum septum wall thickness (IVSmax-la). 
 
 
Statistical analysis 
Continuous data are presented as mean values +/-standard deviation (SD), 95th 
percentile, and P-value for significance. Differences between groups were assessed 
using one-way ANOVA with Bonferroni correction. Multivariate linear regression 
analysis was used to study the effects of clinical variables on variance of ventricular 
volumes and wall-mass presented as R2%. Gender and training-hours/week level 
specific absolute and body surface area (BSA) corrected values were calculated using 
the Dubois and Dubois formula.9, 10  
All statistical analyses were performed with SPSS software (version 15.0, SPSS Inc., 
Chicago, Ill). All statistical tests were 2-sided, and a P-value <0.05 was considered 
statistically significant. 
 
 
RESULTS 
 
Table 1 provides information on demographic, physiologic and sports related 
characteristics of the study population. The ventricular stroke volume (SV) ratio 
(mean LV/RV ratios all 1) showed excellent correlation (R2 0.962) validating our 
contour tracing protocol. Bootstrapping by sampling our data a 1000 times confirmed 
our measurements have a narrow 95% confidence interval (95%CI) of the 95th 
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percentile. No valvular stenosis or significant regurgitation was seen.7 No subject 
showed fatty infiltration of the ventricular walls on T1-weighted black-blood images. 
Absolute and BSA corrected volumes and wall-mass are provided in table 2. Both 
absolute and BSA corrected RV and LV volumes and wall-mass are significantly 
higher in athletes compared to non-athletes. In men, BSA corrected RV EDV, RV and 
LV ESV and LV wall-mass were significantly higher in elite athletes compared to 
regular athletes.  
LV volume (ratios 0.8) is smaller than RV volume in all categories. The LV to RV 
wall-mass index ratios show an upward trend with training-hours/week, which was 
only significant in male elite athletes (ratio 4.7) compared to non-athletes (ratio 4.3).  
Multivariate linear regression analysis, presented in table 3, showed that gender, 
training-hours/week, and BSA account for 64% of variance in EDV and 67% in LV 
wall-mass, but only 42% in RV wall-mass. Although BSA has the most influence on 
ventricular EDV (45%), it has less impact on wall-mass (28% RV, 3% LV wall-mass). 
LV wall-mass is mainly predicted by gender (43%) and training-hours/week (21%), 
and RV wall-mass is mostly dependent on unknown factors (53%). We found no 
statistically significant impact of age or training years in our population aged 18 to 39 
years. 
RV EF was below 45% (all above 40%), a cut-off used in echocardiography, in 5.5% 
men and 0% women non-athletes, 4.9% men and 1.7% women regular athletes and 
11.4% men and 13% women elite athletes. LV EF was below 50% (all above 45%) in 
9.1% men and 5.2% women non-athletes, 3.7% men and 3.5% women regular 
athletes and 11% men and 9.7% women elite athletes.  
Absolute and BSA corrected short-axis RV and LV end-diastolic diameters (RVD and 
LVD) and IVSmax are provided in table 4. Long-axis measurements did not differ 
significantly from short-axis values. The RV diameter exceeded a threshold of 50mm, 
higher than used for arrhythmogenic right ventricular cardiomyopathy (ARVC), in 
16% men and 1.8% women non-athletes up to 49% men and 16% women elite 
athletes.5 The LVD exceeded a threshold of 60mm used for dilating cardiomyopathy 
in 9.8% in men and 3.5% women non-athletes, 47% men and 7.0% women regular, 
55% men and 16% women elite athletes.10 The >12mm IVSmax threshold for 
hypertrophic cardiomyopathy was only found in male athletes, 5% regular and 15% 
elite male athletes, and none exceeded 15mm.10  
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DISCUSSION 
 
This study provides cardiac MRI reference values for endurance athletes, and a 
healthy age and gender matched population with recreational sports activities. 
Multivariate linear regression analysis showed gender, training-hours/week, and BSA 
to be the most important predictors to influence these reference values. BSA 
corrected volumes and wall-mass are higher for men, and increase with higher 
training-hours/week in endurance athlete men and women. Age had no impact on 
volumes or wall-mass in athletes below 40 years of age. A large number of 
predominantly male athletes fulfilled criteria for hypertrophic cardiomyopathy, 
dilated cardiomyopathy or ARVC.  
 
Comparison to reference values in the literature 
Differences in our reference values from those reported in literature are mainly due to 
dissimilarities in acquisition and analysis technique. Our short axis Steady-State Free-
Precession sequence is the current standard method for cardiac analysis.11  
Different rules on inclusion of the most basal ventricular slices will result in relevant 
differences in volumes.12 We include the RV and LV outflow-tract in ventricular 
volumes, matching other cardiac MRI studies, but resulting in higher volumes and 
lower ejection fractions compared to ultrasound and cardiac MRI studies excluding 
the outflow tract.8, 9, 11   
Different rules about how much papillary muscle or trabeculae should be included 
also make a substantial difference in measured wall-mass.4, 9, 11, 13, 14 We exclude 
papillary muscles for wall-mass and include them in the endovascular volumes for 
reproducibility and efficiency. We believe that the simplest rules will facilitate use in 
daily clinical practice and facilitate reproducing our results in other MRI research.  
Imbalance in wall-mass with increased LV hypertrophy in athletes compared to non-
athletes, and men compared to women, and the lower LV EDV compared to RV 
(ratios < 1) are confirmed by Petersen but not by Scharhag, possibly due to different 
contour tracing protocols.4, 14 
 
 
Clinical implications 
Endurance athletes such as rowers, cyclists and swimmers have the greatest increase 
in LV dimension and wall thickness.10 Other types of sport should fall within the 
reference values in this study of moderate-to-high dynamic high-static endurance 
athletes as classified by Futterman (adapted from Mitchell).15 
One must realize that endurance sports often involve a strength component, 
especially for rowers and cyclists.10 In our study, only elite cyclist men showed 
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significant differences in ventricular volumes and wall-mass to other sport types. 
Often isolated criteria for ARVC (RV diameters >50mm and RV EF <45%) were met 
in our healthy population; more in men than in women, and mostly in elite athletes.5  
This should be taken into consideration when evaluating endurance athletes who are 
suspected for ARVC in order to prevent false positive results. 
We had a higher percentage of athletes with LV cavity dimensions exceeding 60mm, 
a commonly used cut-off for dilated cardiomyopathy, than previously reported using 
echocardiography (14-15%).10 LV cavity dimensions exceeding 60mm were not 
related to sport-type in our study but were related to higher BSA (average men 2.11 / 
women 1.95 versus men 2.00 / women 1.79 in LVD under 60mm). 
In differentiating normal adaptation from hypertrophic cardiomyopathy, Pelliccia and 
Maron found a IVSmax grey zone of 13-15mm in 2% of male elite athletes and no 
one exceeded 16mm.10 Our higher percentages (5-15%) are probably due to the 
taller Dutch Caucasian population, representative for northern Europe.  
Values exceeding the 95th percentile are not indicative of cardiac disease, but 
represent a good threshold to warrant further investigation of athletes. 
 
Study limitations 
The imbalance in the number of subjects per sport type in men compared to women 
with few female cyclists, may account for the insignificant difference between elite 
and regular athlete women. Most of our participants were Dutch Caucasians and no 
racial differences were studied. As the Dutch are considered tall worldwide, it is 
important to use BSA corrected values.  
We did not perform delayed Gadolinium enhancement as we considered this 
unethical in a healthy population since it can trigger the development of nephrogenic 
fibrosing dermopathy and nephrogenic systemic fibrosis.16 
The potential limitation of using a single platform for data-pre-processing was ruled-
out by checking our data on independent software (see Methods section). 
 
 



Chapter 4 

67	  
	  

 
CONCLUSIONS 
 
The endurance athlete’s heart shows increased ventricular volumes, diameters, wall-
mass and wall-thickness. In athletes below 40 years of age, high training-hours/week 
and male gender result in an increased overlap with standard thresholds for 
cardiomyopathy. To help prevent inconclusive reports, the 95th percentile reference 
values can be used as an alternative to standard upper limits used for the general 
population. 
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ABSTRACT 
 
Objective Increasing age is accompanied by a higher risk of sports-related death, 
especially from coronary disease and cardiomyopathies. It is unclear if the mature 
athlete’s heart differs from young athletes. Our aim was to assess the effect of age on 
ventricular volumes and wall-mass. We also established maximum cardiac MRI 
reference values in mature athletes to facilitate differentiation from cardiomyopathy. 
Methods 143 healthy persons aged 40-60 years (mean age 49±6 years [±SD], 39% 
women) underwent cardiac MRI: 78 athletes (exercising 9-18 hours/week), and 65 
age and gender matched non-athletes (≤3 hours/week). From a larger study, cardiac 
MRI data of 195 healthy persons aged 18-39 years (mean age 28±6, 48% women) 
were included for statistical analysis: 81 athletes and 114 matched non-athletes. 
Results With multivariate analysis, age only has limited effect on ventricular volumes 
(LV 1%, RV 3%) and wall-mass (0.01%). Only athletes show significant decrease in 
right and left ventricular volumes and LV mass with increasing age (P <0.05). RV 
wall-mass remains unaffected by age. Ventricular diameters, volumes and wall-mass 
are significantly lower in mature athletes compared to young athletes, and 
significantly higher compared to mature non-athlete controls (P <0.05).  
Conclusions Only athletes show a significant decrease in ventricular volumes and LV 
wall-mass with increasing age, which probably reflects decreasing training intensity 
rather than the effect of age. Mature athletes form a distinct group requiring separate 
reference values as they have significantly lower ventricular volumes and wall-mass 
as compared to young athletes, however, still significantly higher values than mature 
non-athletes. 
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INTRODUCTION 
 
Although most attention is focused on pre-participation and periodic screening of 
young athletes, it is important to realize that mature athletes (athletes 40-60 years old 
who have continued or taken up athletic activities in midlife) have a higher risk of 
sports-related cardiovascular events.1 
Most cases of sudden cardiac death (SCD) in mature athletes are caused by coronary 
artery disease (80%), but “silent” cardiomyopathy still accounts for a significant 
proportion of these fatalities.2, 3  
With more athletes continuing or initiating sporting activities in midlife, mature 
athletes are increasingly seen by sports physicians and cardiologists. When a 
cardiomyopathy is suspected after electrocardiography (ECG) or echocardiography, 
the mature athlete is often referred for cardiac magnetic resonance imaging (cardiac 
MRI). Although MRI reference values are available for the mature sedentary 
population, there are no cardiac MRI reference values for mature athletes (right and 
left ventricular volumes, dimensions, wall-mass, and function).4, 5 Normal adaptation 
to physical training (the athlete’s heart) needs to be discriminated from 
cardiomyopathies associated with SCD in athletes such as dilated cardiomyopathy 
(DCM), arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C), and 
hypertrophic cardiomyopathy (HCM).6 Accurate knowledge of the range of normal 
values in athletes can help prevent erroneous advice against strenuous sports 
activities or unjustified reassurance if cardiac pathology goes unnoticed. It is unclear 
to what extent cardiac volumes and wall-mass in mature athletes differ from the 
younger athletic population and if separate reference values for upper limits of 
adaptation are required.   
Our primary aim was to assess the impact of age and other clinical factors on cardiac 
volumes and wall-mass in mature athletes and secondly to obtain cardiac MRI 
reference values in mature athletes.  
 
 
METHODS 
 
Study Population 
Healthy athletes and healthy age and gender matched non-athlete controls were 
prospectively recruited. We selected high dynamic high static sports (e.g. cyclists, 
rowers, middle distance runners, bi and tri-athletes) according to the Futterman 
classification (adapted from Mitchell), as these sport types show the most pronounced 
adaptation in ventricular volume and wall-mass.3, 7, 8 Persons with (treated) 
hypertension, chronic diseases (particularly cardiovascular or pulmonary disease) or 
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contraindications for MRI were excluded. Five of the 148 persons who participated in 
our study were excluded from analysis because of claustrophobia in three and 
hypertension in two participants. No one was excluded based on positive ECG 
criteria according to the European Society of Cardiology or MRI findings during the 
study. 
The final study population consisted of 143 healthy persons aged 40-60 years old 
(mean age 49 ± 6 years [±SD], 39% women): 78 mature regular athletes (57 bi and 
tri-athletes (72% men), 14 middle distance runners (57% men), seven cyclists (85% 
men)) exercising 9-18 hours per week for at least one year prior to inclusion, and 65 
healthy age and gender matched non-athlete controls (exercising ≤ three hours per 
week). 
From a larger study of 336 young athletes and non-athletes, cardiac MRI data of 195 
prospectively recruited healthy persons aged 18-39 years (mean age 28±6, 48% 
women) related to mature athletes type of sport, were also included for statistical 
analysis: 81 young regular athletes (62 bi-athletes and tri-athletes (53% men), 12 
middle distance runners (58% men), seven cyclists (71% men)) exercising 9-18 
hours/week for at least one year prior to inclusion, and 114 age and gender matched 
non-athlete controls (exercising ≤ three hours/week). 
The Institutional Ethics Committee of the University Medical Center Utrecht (UMCU) 
approved the study. All persons gave written informed consent prior to the MRI 
examination. Blood pressure and an ECG were obtained prior to the cardiac MRI 
examination. 
 
Acquisition Protocol 
All persons were examined in the supine position on a 1.5-T MRI scanner (Achieva, 
Philips Medical Systems, Best, the Netherlands) by one operator with an advanced 
cardiac software package, vector ECG triggering and a five-element phased-array 
cardiac coil. The protocol included a breathhold Steady-State Free-Precession (SSFP) 
pulse sequence used to acquire cines with 2-chamber, 4-chamber, short-axis, as well 
as outflow tract views of the right (RV) and left ventricle (LV). The whole heart was 
imaged in the short axis plane, from ventricular apex to base including both atria, 
using 14 to 20, 10-mm slice cines without inter-slice gap of 50 frames per cardiac 
cycle, matrix 256x256 and FOV 350-400. Sequence parameters included repetition 
time/echo time of 3.2/1.6 ms, in-plane pixel size of 1.4 mm, flip angle 55o, and 
acquisition time of 18 heartbeats.9 All images were stored digitally for offline analysis 
of cardiac volumes, mass and function.  
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Image analysis 
Analysis was performed on a workstation with semi- automated contour tracing 
software (View Forum cardiac package version R5.1V1L1 2006, Philips, Best, the 
Netherlands) by skilled analysts trained to use a reproducible contour tracing 
protocol, described in detail previously.10 In brief, LV and RV wall-mass and volumes 
were measured by tracing endocardial and epicardial contours on the short-axis 
views including the outflow tract. Papillary muscles and trabeculae were included in 
the ventricular volumes (and excluded from the wall-mass) for efficiency and 
reproducibility. Another experienced analyst checked the contours before results 
were finalized in the database. All analysts were blinded for subject details including 
gender, age, and training-hours/week.  
End-diastolic diameters of both LV and RV and maximum interventricular-septal-
wall-thickness (IVSmax) were measured on the short-axis and 4-chamber views 
(figure 1). 
 
Statistical Analysis 
All ventricular volumes, function, wall-mass, diameters, and wall-thickness were 
expressed as mean ± standard deviation (SD), 95th percentile of mean and range. A 
two-sided P-value < 0.05 was considered statistically significant. As body surface 
area (BSA) and gender are important predictors of LV and RV parameters, absolute 
ventricular values were corrected for BSA and stratified for gender.3, 4 An independent 
sample t-test with a 2-sided alternative was used to test differences between two 
groups (non-athletes and athletes, the young and the mature). For comparison of 
means per age group, we analyzed BSA corrected RV and LV volumes, wall-mass, 
and blood pressure in four age categories. Differences between three or more groups 
were assessed using one-way ANOVA and Bonferroni post-hoc testing. For validation 
of quantitative results the RV to LV stroke-volume linear regression coefficient R2 
(Pearson) was calculated. We also performed linear regression analysis (R2) of 
ventricular parameters with age. Step-and-enter (P < 0.05) multivariate linear 
regression analysis was used to study the effects of the variables body surface area, 
training-hours/week, gender, mean heart rate (during cardiac MRI), age, sport type, 
blood pressure, on variance of ventricular volumes and wall-mass, presented as R2%. 
All analyses were performed with SPSS 15 (SPSS Inc., Chicago, IL, USA). 



The Effect of Age in the Cardiac MRI Evaluation of the Athlete’s Heart 

76	  
	  

 
Figure 1  End diastolic short axis and 4-chamber images. RV = right ventricle, LV = left ventricle, RA = 
right atrium, LA = left atrium. (A) short axis (sa) diameters of RV (RVD-sa), LV (LVD-sa), and maximum 
interventricular-septal-wall-thickness (IVSmax-sa) and  (B) 4 chamber long axis (la) diameters of the RV 
(RVD-la) and LV (LVD-la), measured 1 – 2 cm below and parallel to valvular leaflets, and maximum 
septum wall thickness (IVSmax-la).  

 
 
RESULTS 
 
Table 1 provides information on demographic, physiologic and sports related 
characteristics of the 143 mature participants aged 40-60 years and 195 young 
participants aged 18-39 years old. The young athlete men were older than the young 
non-athlete men and their systolic blood pressure was higher. The mature athlete 
men displayed a combination of lower height, weight and BSA than their mature 
counterparts, whereas mature athlete women only had lower weight and there were 
no differences in the young athletes. As expected, heart rate was significantly lower 
in the athletes as a result of their significantly higher training-hours/week. 
To validate our quantitative results in the young and the mature, RV and LV stroke-
volume were compared in a linear regression plot resulting in an excellent 
correlation (R2 mature 0.94, young 0.96). 
 
The BSA corrected RV and LV volumes, wall-mass, and absolute ejection fraction (EF) 
in the mature are shown in table 2.  Mature athletes had higher left and right BSA 
corrected ventricular volumes and wall-mass than non-athletes, and RV EF was lower 
(P< 0.05). Both athlete and non-athlete mature women showed significantly lower 
ventricular volumes and wall-mass compared to men (P < 0.05), which was also 
observed in young athletes and non-athletes. In the mature, RV EF was below 45% 
(all above 40%) in six men only; four (7%) athlete, and two (6%) non-athlete men. 
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No one had a LV EF below 50%. Mature athletes, compared to young athletes, had 
significantly lower BSA corrected ventricular volumes (RV EDV mature athletes 128 
mL/m2 versus young athletes 140 mL/m2 in men, P <0.001; 104 mL/m2 versus 119 
mL/m2 in women, P < 0.0005; LV EDV 117 mL/m2 versus 125 mL/m2 in men, P 
<0.01; 98 mL/m2 versus 110 mL/m2 in women, P < 0.0005), and LV wall-mass (56 
g/m2 versus 63 g/m2 in men, P <0.001; 40 g/m2 versus 48 g/m2 in women, P < 
0.01). 
Mature non-athletes as compared to young non-athletes showed no significantly 
different values for RV and LV volume and wall-mass.   
 
RV and LV end-diastolic diameters (RVD, LVD) and maximum interventricular-septal-
wall-thickness (IVSmax) are provided in table 3. Mature athletes had higher BSA 
corrected RVD, LVD and short-axis IVSmax compared to non-athletes (P < 0.05 – P < 
0.0005). Both athlete and non-athlete mature women showed significantly lower 
absolute short-axis RVD values and LVD and IVSmax short-axis and long-axis values 
as compared to men (P < 0.0005). After adjustment for BSA, RVD and LVD values in 
women became significantly higher (P < 0.05 - P <0.005) as compared to men, a 
limitation caused by overcorrection when dividing a one-dimensional measure by 
the two-dimensional body surface area measure, as reported in earlier studies.11, 12  
In the mature, the absolute RVD-short-axis exceeded a 50mm threshold in 17 (31%) 
athlete men (one exceeding 60mm) and 7 (22%) non-athlete men, and one (4%) 
athlete and one (3%) non-athlete woman.13 In young athletes the RVD-short-axis 
exceeded 50mm threshold in 18 (40%) athlete men (one exceeding 60mm) and 8 
(14%) non-athlete men, and 5 (14%) athlete and one (3%) non-athlete woman. 
The absolute LVD-short-axis in the mature exceeded the routinely used 60mm 
echocardiographic threshold for LV dilated cardiomyopathy in 12 (22%) athlete and 
six (19%) non-athlete men, and one (4%) athlete and no non-athlete women.3 In 
comparison, the absolute LVD-short-axis exceeded 60mm in the included young 
population in 19 (42%) athlete and 5 (9%) non-athlete men, and 3 (8%) athlete and 1 
(2%) non-athlete women. 
The commonly used echocardiographic IVSmax cut-off value for hypertrophic 
cardiomyopathy of > 12 mm was also only found in men, 13 (24%) mature athlete 
and eight (25%) non-athlete men on the short-axis, and none exceeded 15mm.3 In 
the young population, an IVSmax of >12-15mm was only seen in male athletes. 
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Impact of demographic, physiologic and sports related characteristics on 
ventricular volumes and wall-mass  
For comparison of means per age group, we analyzed BSA corrected RV and LV 
EDV, wall-mass, and blood pressure in four age categories which are presented in 
table 4. The only clear difference was significantly lower ventricular volumes in both 
male and female mature athletes aged 50-60 as compared to young athletes aged 18 
to 29. LV-mass decreased with age in athletes while blood pressure rose with age in 
both athletes and non-athletes.  
The effects of the demographic variables (see methods) on variance of ventricular 
volumes and wall-mass in the combined young and mature population data are 
presented as percentages of (significant) variance in table 5. Body surface area, 
training-hours/week, gender, and heart rate were the most important predictors of 
ventricular volume (explaining 69% of the variance) and wall-mass (LV 63%, RV 
44%). Age only had limited effect on ventricular volumes (LV 1%, RV 3%). Figure 2 
shows combined linear regression plots which include the correlation of RV and LV 
end-diastolic volumes and wall-mass with age in athlete and non-athlete men and 
women aged 18 to 60 years old. Ventricular volumes decreased significantly with 
increasing age (see table 4) in athletes (R2 0.08 - 0.26), as compared to non-athletes 
(R2 ≤ 0.05). With increasing age RV wall-mass seemed unaffected (R2 ≤ 0.02) whereas 
LV wall-mass decreased only in athletes (R2 0.08). 
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 R 2 RV EDV LV EDV RV EDM LV EDM 
. . . . . Non-athlete Men 0.02 0.01 0.01 0.00 
____ Athlete Men 0.10 0.08 0.02 0.08 
- - - - Non-athlete Women 0.05 0.01 0.01 0.00 
........ Athlete Women 0.26 0.18 0.00 0.08 

 
Figure 2  Combined linear regression plots show RV and LV end-diastolic volumes and wall-mass 
correlation with increasing age (18 to 60 years) in non-athlete controls and athletes RV = right ventricle, 
LV = left ventricle, EDV = end-diastolic volume, EDM = end-diastolic wall-mass, BSA = body surface area. 
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DISCUSSION  
 
Our results indicate that ventricular volumes and LV wall-mass values show a 
significant decrease with increasing age in athletes but not in non-athletes. In 
multivariate analysis age only had limited impact on ventricular volumes and 
virtually no impact on ventricular mass. As non-athletes showed no significant age 
differences, the cardiac adjustment in mature athletes is probably caused by 
changing training intensity per training-hour rather than a direct effect of age. 
Ventricular volumes and LV wall-mass in mature athletes remained significantly 
higher as compared to their matched non-athletes and significantly lower as 
compared to young athletes. Moreover, in a considerable proportion of our 
participants we found values higher than the commonly used cut off values in routine 
clinical practice (e.g. IVSMax, LVD). This indicates that mature athletes form a 
distinct group requiring the separate reference values provided by this study.  
 
Effects of demographic, physiologic and sports related characteristics on right and 
left ventricle volume and wall-mass 
The need for BSA and gender correction is well established in the evaluation of 
cardiac volumes, wall-mass and dimensions as these variables cause most variance.4, 

5, 11, 14, 15 Training-hours/week also has an important effect on cardiac volumes and 
wall-mass.3 In competitive athletes, age has been reported to explain 4% of variance 
in echocardiographically measured LV volume.3 We also found BSA, gender and 
training-hours/week to be more important determinants cardiac dimensions, volumes 
and mass. 
The effect of increasing age on cardiac MRI values has been previously reported only 
in sedentary populations.4, 5 With increasing age, cardiac MRI BSA corrected 
ventricular (end-diastolic) volumes decrease in controls as reported by Maceira, who 
only examined the RV (RV; men 18% and women 24% difference between the 20-29 
and 70-79 years of age group), and Sandstede (RV; men 17% and women 16%, LV; 
men 21% and women 12% difference).4, 5 Though not significant, ventricular 
volumes in our non-athlete controls also decreased with aging (RV volume; men 8%, 
women 11%, LV volume; men 7%, women 3% between the 18-29 and 50-60 years 
of age group).  
The effect of increasing age in our athlete population probably reflects reduced 
training intensity per training-hour rather than the effect of increasing age itself 
because values in non-athletes seem largely unaffected (figure 2). The variable age 
caused only modest variance in ventricular volumes and wall-mass in multivariate 
analysis (table 5). 
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It has been reported that if all competitive types of sports are included, sport type 
explains 14% of variance in echocardiographically measured LV volume.3 Sport type 
had little impact in our study because our athletes are all high-dynamic high-static 
athletes.7  
An increase in systolic blood pressure is an important determinant of LV wall-mass in 
a population with atherosclerotic disease.16 Ageing is associated with increased large 
artery stiffness (aortic pulse wave velocity) and consequently higher systolic blood 
pressures.17 Since aerobic-endurance exercise has also been associated with 
decreased large artery stiffness, we also analyzed blood pressure (systolic and 
diastolic) which showed marginal impact in our total population.17 When comparing 
the youngest group (18-29 years old) to the most mature (50-60 years old), rising 
systolic blood pressures could be observed in both athletes and non-athletes (athlete 
+3%, non-athlete +7% men; +15%, +9% women), however LV-mass did not 
increase, but decreased, with age in athletes and remained unchanged in non-
athletes. 
 
Clinical implications 
Especially men exceed existing threshold values for cardiomyopathy. Both our 
mature athlete as well as non-athlete men rose above isolated cut-off values for 
ARVD/C often used in echocardiography, like a RVD beyond 50mm (35% athletes, 
25% non-athletes) and RV EF below 45% (7% athletes, 6% non-athletes).13 A LVD 
above 60mm, a commonly used echocardiographic cut-off for dilated 
cardiomyopathy, is reported in 14 to 15% athlete men on echocardiography, and 
was seen in 22% of the athlete and 19% of the non-athlete men in our cardiac MRI 
study.3 Only the men (15% athletes, 9% non-athletes) in our study exceeded an 
IVSmax of 12mm, commonly used as a threshold for HCM, but no-one exceeded 
15mm.  
Our higher values are partly attributable to the taller Dutch Caucasian population 
(representative for northern Europe). Nevertheless, our results clearly show that 
training-hours/week should be taken into consideration in the evaluation of the 
cardiac MRI examination when a non-ischemic cardiomyopathy is suspected. While 
values higher than the 95th percentile are not necessarily indicative of cardiac 
disease, it represents a good threshold to warrant further investigation of mature 
athletes. 
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Study limitations 
This study is limited to Dutch Caucasian athletes and differences with other races can 
occur.18  
Although further study is necessary, we expect athletes with different sports to fall 
within our reference limits.7, 19-21 Although our young athlete men are significantly 
older than their matched non-athletes, it had no significant effect on the comparison 
of cardiac volumes, wall-mass, and dimensions as values differed most between the 
youngest athletes as compared to the oldest, and non-athlete values did not differ 
significantly between age groups. 
There are more mature athlete men with a higher mean training-hours/week than the 
mature athlete women in our study. However, cardiac values for women show a 
similar trend as compared to men. 
We considered it unethical to perform delayed Gadolinium enhancement in this 
healthy population since it can trigger the development of nephrogenic fibrosing 
dermopathy and nephrogenic systemic fibrosis.22 However, delayed gadolinium 
enhancement has been reported to occur in 12% of marathon runners aged 50 to 75 
years, as compared to 4% in matched controls, and may therefore be relevant to 
athletes with symptoms or abnormal ECG findings.23 No direct comparison was made 
between our study population and patients with cardiomyopathies (HCM, ARVC, 
DCM) or hypertension. A longitudinal study would be preferable when investigating 
the effect of age but is less feasible than this cross-sectional study.  
 
 
CONCLUSION 
 
Only athletes show a significant decrease in BSA corrected values for ventricular 
volumes and LV wall-mass with increasing age. This probably reflects the change in 
training intensity per training-hour more than a direct effect of age. As the mature 
athletes still have significantly higher ventricular volumes and wall-mass than their 
matched non-athletes and significantly lower values as compared to young athletes, 
they form a distinct group of athletes requiring separate reference values. 
Furthermore, a considerable proportion of our participants showed values beyond the 
commonly used cut off values in routine clinical practice. 
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ABSTRACT 
 
Objective To establish cardiac MRI reference values for atrial adaptation to training 
in endurance athletes in comparison to matched non-athletes. Additionally, to study 
the relationship of atrial size to ventricular and annular size and valvular function. 
Participants 180 healthy persons aged 18-39 years (41% women): 60 elite endurance 
athletes (exercising > 18 hours/week), 60 regular endurance athletes (9-18 
hours/week), and 60 age and gender matched non-athletes (exercising ≤ 3 
hours/week) underwent cardiac MRI. Quantitative atrial dimensions and volumes, 
indexed for body surface area, were compared to ventricular and annular 
dimensions. Regurgitant fractions of all four valves and peak velocities of mitral and 
tricuspid valves were also assessed. 
Results Body surface area corrected right and left atrial volumes and diameters were 
significantly larger for athletes compared to non-athletes (P<0.05–<0.0005). 
Ventricular, annular, and atrial ratios remained constant for all groups suggesting 
balanced adaptation to exercise training. E/A ratios remained statistically unchanged 
in all groups. Regurgitant fractions of the four cardiac valves were all mild (≤ 15%) 
and not significantly different in athletes compared to non-athletes. 
Conclusions Atrial remodelling in endurance athletes may be regarded as a balanced 
physiological adaptation to exercise training with preservation of valvular function.  
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INTRODUCTION 
 
Cardiac adaptation to physical endurance training, the “athlete’s heart”, is considered 
to be a physiological process without affecting systolic or diastolic function.1-10 
Previous echocardiographic studies show that atrial and ventricular enlargement in 
healthy athletes is balanced with relatively equal enlargement of the atria and 
ventricles as a response to physical training.5, 6, 11 It has been suggested in previous 
studies that these ‘normal’ alterations have implications for mitral and tricuspid valve 
function if annular dilatation causes incomplete closure of the valve leaflets.12-14 
Varying prevalence of valvular regurgitation has been reported in athletes.14-17 
Prolonged endurance exercise training in presumed healthy athletes can result in 
such a great ventricular and atrial cavity enlargement due to volume overload that 
there is an increased risk of lone atrial fibrillation.5, 18, 19 In addition, there is 
considerable overlap of the physiologic atrial and ventricular dilatation of the 
athlete’s heart with hypertrophic cardiomyopathy, dilated cardiomyopathy and 
arrhythmogenic right ventricular cardiomyopathy.3  
Reference values are needed to distinguish benign adaptation from pathology. 
Cardiac MRI reference values for physiological atrial enlargement to physical training 
are largely unavailable and echocardiographic dimensions cannot simply be 
translated for use in cardiac MRI.  
The main objective of this study was to generate cardiac MRI reference values for 
atrial adaptation to physical training in endurance athletes. Our second objective was 
to investigate the relationship between atrial, ventricular and annular size and 
valvular function using quantitative flow imaging of the cardiac valves. 
 
 
METHODS 
 
Study population 
120 healthy endurance athletes (national and international competition level) and 60 
age and sex matched non-athletes aged 18 to 39 years (mean 27, 41% women) were 
selected from a larger study population of 336 prospectively recruited healthy 
persons aged 18-39 years (mean age 26±6, 46% women): 222 endurance athletes 
with unchanged training activities in the past year, and 114 age and gender matched 
non-athletes (exercising ≤ 3 hours/week). All subjects were screened with an 
extensive questionnaire, blood pressure measurement and electrocardiogram prior to 
their cardiac MRI examination. Subjects with unexpected hypertension or abnormal 
findings on the electrocardiogram or cardiac MRI during the study, were excluded 
prior to selection. Of the 341 persons initially participating in the larger study, 5 were 
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excluded from analysis because of cardiac abnormalities discovered during 
examination: atrial tachycardia, atrial fibrillation, AV-nodal tachycardia, and partial 
anomalous pulmonary venous return with atrial septal defect in four athletes and 
noncompaction cardiomyopathy in one non-athlete. For this part of the study, 
subjects were consecutively included if all valves could be quantified successfully 
until each category contained 60 persons. No one was excluded based on valvular 
insufficiency. 
The study population consisted of 60 regular athletes training 9-18 hours/week (36 
bi-athletes (running and cycling) and tri-athletes (running, cycling and swimming), 11 
rowers, 6 middle distance runners, 5 cyclists, and 2 waterpolo players) and 60 elite 
athletes training over 18 hours/week (24 rowers, 16 bi- and tri-athletes, 14 cyclists, 
and 7 waterpolo players), and 60 healthy age and gender matched non-athletes.  
The Institutional Ethics Committee of the University Medical Center Utrecht (UMCU) 
approved the study. All persons gave written informed consent prior to the cardiac 
MRI investigation. 
 
Acquisition protocol 
All persons were examined by the same experienced operator on a 1.5-T MRI 
scanner (Achieva, Philips Medical Systems, Best, the Netherlands) using an advanced 
cardiac software package. All images were acquired using vector-ECG triggered <15-
second breathholds with a 5-element phased-array cardiac coil for signal reception. 
Each 10-mm slice cine of 50 frames per cardiac cycle had a 256x256 matrix and 
350-400mm field of view. Sequence parameters included repetition/echo time of 
3.2/1.6ms, in-plane pixel size of 1.4mm, flip angle 55o, and acquisition time of 18 
heartbeats.20 The protocol included Steady-State Free-Precession (SSFP) cines (2 
chamber right ventricle (RV) and left ventricle (LV), 4 chamber, short axis, LV outflow 
tract (LVOT) and RV outflow tract (RVOT)), and quantitative flow measurement using 
phase-contrast through-plane velocity mapping over all four cardiac valves. All 
acquired cardiac images were viewed to rule out cardiac pathology. 
 
Image analysis 
Analysis was performed with a workstation and semi-automated contour tracing 
software (View Forum cardiac package version R5.1V1L1 2006, Philips, Best, The 
Netherlands). An experienced blinded observer (A.B.), performed cardiac MRI data 
analysis and indexed quantitative measurements for body surface area with the 
Dubois and Dubois method.21 Measurements were checked by a second blinded 
observer (A.T., N.P.) experienced in cardiac MRI before finalizing results.  
For the atria both the end-diastolic and end-systolic contours were traced in the 4-
chamber cine using the area-length-ejection-fraction (ALEF) tool (figure 1).22 These 



Chapter 6 

95	  
	  

contours were also used to assess atrial diameters; atrial width was defined as a line 
parallel to the tricuspid / mitral valve, halfway along the atrial length line. The ALEF 
tool calculates atrial volumes using a spheroid ovoid formula: V = 8 / (3 * pi) * A2 / L 
(V = maximal and minimal atrial volume, A = area, L = length long-axis).22 
 
 

 
Figure 1  Contour tracing the atria on the 4-chamber view using the area-length-ejection-fraction tool for 
volume determination. Zoomed-in 4-chamber cine view. Ventricular end-diastole is used to define 
minimal atrial volume of the left (A) and right (C) atrium. Ventricular end-systole is used to define maximal 
atrial volume of the left (B) and right (D) atrium. Atrial width (double-headed black arrows) was defined as 
a line parallel to the tricuspid / mitral valve, halfway along the atrial length line. 
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For the atria, we defined maximal volume at ventricular end-systole, as the slice in 
which the mitral / tricuspid valve is closed just before opening in the first phase, and 
minimal volume at ventricular end-diastole, just as the mitral / tricuspid valve closes.  
Ventricular diameters and maximal volumes were measured on the ventricular end-
diastolic 4-chamber cine. Right and left annular width was measured at the level of 
insertion of the tricuspid and mitral valve leaflets.22 Right and left ventricular width 
were measured parallel to the right and left annulus respectively, just below the 
valvular leaflets (figure 2).  
We quantitatively measured valvular function using phase-contrast through-plane 
velocity mapping of the flow over the tricuspid, pulmonary, mitral, and aortic 
valves.23 Valve regurgitation was measured as total regurgitated volume (ml) as well 
as regurgitation fraction (%) of the total stroke volume over the valve and graded as 
mild (≤15%), moderate (16–25%), moderate-severe (26–48%) and severe (>48%) 
regurgitation fraction.24  
As a measure for diastolic function, E/A ratios were assessed by measuring the cross-
sectional through-plane maximum flow velocity over the mitral and tricuspid valves 
at early filling (E-wave) and during the atrial kick (A-wave).25  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2  Ventricular (LVD + RVD) and annular (LVA + RVA) end-diastolic diameters in 4-chamber cine 
view. 4-chamber cine view in ventricular end-diastolic phase. RA = right atrium; RV = right ventricle; LA = 
left atrium; LV = left ventricle. 
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Statistical analysis 

Continuous data are presented as mean values ± standard deviation (SD) and 95th 
percentile. P-values <0.05 were considered statistically significant. Differences 
between groups were assessed using ANOVA with Bonferroni correction. 
Multivariate linear regression analysis was used to study the effects of different 
clinical variables on variance of ventricular volumes and wall-mass presented as 
R2%. Reference data are gender and training intensity stratified and presented as 
absolute and body surface area corrected values.3, 26 To assess balanced adaptation, 
atrial, annular, and ventricular mean diameter ratios were calculated by dividing left 
sided widths by right sided widths and by dividing ventricular width by atrial width.9 
Valvular inflow pattern parameters (as a measure for diastolic function) were 
calculated to relate to adaptation to endurance exercise training. For this part of the 
study we included 60 persons per category (non-athletes, regular and endurance 
athletes) with an even man to woman ratio per group.  
 
 
RESULTS 
 
Baseline study population demographics are shown in table 1. Cardiac MRI 
parameters for right and left atrium are presented in table 2 and table 3. 
Absolute and body surface area corrected atrial volumes are significantly higher for 
athletes compared to non-athletes (P<0.05–<0.0005). The only significant difference 
between regular and elite athletes was in atrial volumes of male elite athletes as 
compared to regular athletes. There was no significant difference in male or female 
atrial diameters in elite athletes as compared to regular athletes. 
Although absolute volumes and diameters (length and width) measurements showed 
significant differences for gender, significant differences largely disappear for 
diameters after correction for body surface area. When comparing male to female 
diameters the absolute values for atrial length and width in men are greater as 
compared to women, whereas BSA corrected values for length and width in men are 
smaller as compared to women (table 2). This phenomenon is caused by the slight 
overcorrection when dividing the one-dimensional diameters measured in 
millimetres by the two-dimensional body surface area in square metres, and has also 
been reported in earlier studies.27, 28  
Enlargement of atria and ventricles remained balanced with higher training levels, 
both in comparison of left to right side of the heart, as well as separate comparison of 
atrium to ventricle for each side. The ratio of left to right mean width remained above 
1 in all groups, with respective ratios of 1.1 for atrial width, 1.2 for annular width and 
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1.2 for ventricular width, meaning there is a constantly larger left sided diameter with 
training. However, one needs to keep in mind that left to right ventricular volume 
ratios show larger right sided values in our total study group of 336 persons, which 
has also been reported by Petersen.9 The mean ratio of ventricular width divided by 
atrial width showed no significant variation in all groups being 1.0 for the left side, 
and 0.9 to 1.0 for the right side of the heart, implying that in the 4-chamber view, 
atrial diameters compare to ventricular diameters in a balanced heart. 
Multivariate regression analysis showed that atrial volume measurements are most 
influenced by body surface area (27-30%) and training intensity (14-15%) and less by 
gender (0-4%). Atrial width and length are less influenced by body surface area (10 
width and 24% length) and training intensity (12% width and 5% length) and gender 
(8% width and 0% length). 
Tricuspid and mitral valve inflow patterns and regurgitant volumes are presented in 
table 4.  
Elite athletes show lower maximum flow velocities as compared to regular athletes 
(E- and A-wave P<0.05) and non-athletic controls (E-wave P<0.05). Tricuspid and 
mitral valve E/A ratios remain statistically unchanged in all groups. Regurgitant flow 
volumes for mitral, tricuspid and pulmonary valves are not significantly different in 
athletes compared to non-athletes. Only male athletes have significantly higher 
(P<0.05, mean 1.8±3ml, range 0–15ml) aortic valve regurgitant volume as compared 
to non-athletic men (mean 0.5±0.5ml, range 0–2.0ml), as a result of a few outliers. 
Regurgitant volumes above 10ml were only seen in three male athletes: one regular 
athlete with 11ml pulmonary valve regurgitance, and two elite athletes, one with 
15ml aortic valve, and the other with 11ml tricuspid valve regurgitance. 
Regurgitation fractions were not significantly different between groups. Only one 
non-athletic control, four regular, and two elite athletes had a regurgitation fraction 
between 5-15%, and no one had more than mild (>15%) regurgitation.                                   
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DISCUSSION 
 
Atrial enlargement in endurance athletes is significant in comparison to matched 
non-athletic controls. Athletes show balanced adaptation to their endurance training 
for both atrial-ventricular diameters and right-left size. Atrial, annular and ventricular 
dilatation does not result in increased regurgitation fractions over any cardiac valves, 
and no one had more than mild regurgitation. 
 
Comparison to echocardiography 
Echocardiographic values for enlarged absolute left atrial width ≥ 40mm (20%) and 
marked dilatation of ≥ 45mm (2%) found in competitive athletes are much more 
common in our study population with cardiac MRI measurements (respectively 99% 
and 95%).5 Moreover, 69% of our study population exceeded the 
echocardiographically determined mean right atrial width of 49mm reported earlier 
in runners.11 This difference can be explained by three factors: first, the parasternal 
long-axis view of the echocardiographic measurement differs from the 4-chamber 
view used for cardiac MRI; second, diameters on cardiac MRI are systematically 
larger than on echocardiography; and third, the differences can partly be explained 
due to our relatively tall Dutch Caucasian subjects.5, 6, 11, 29, 30 This stresses the 
necessity of gender and training intensity specific body surface area adjusted cardiac 
MRI reference values. 
 
Comparison to cardiac MRI 
We performed all measurements on the 4-chamber view instead of the biplane 
method, as visibility of both atria during the entire cardiac cycle is consistently better 
on the 4-chamber view as compared to the two-chamber view.28, 31 Previously 
reported atrial lengths and widths on cardiac MRI in healthy non-athletic controls 
were comparable to our own.28 Body surface area corrected right atrial width in non-
athletes is comparable to values reported by Tandri.27 Hudsmith and colleagues 
reported cardiac MRI volumetric left atrial maximal volume reference values in 
healthy volunteers only slightly lower (2-5%) compared to our own, further validating 
our ALEF method for end-diastolic volumes.31 To the best of our knowledge, no 
cardiac MRI reference values for right atrium size in athletes have previously been 
published. 
 
Comparison to multidetector CT 
Christiaens’ multidetector-CT normal group of referred patients without 
cardiovascular disease showed left atrial maximum volume values comparable to our 
non-athlete group and observed similar values for coronary artery disease patients.29 
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His values for dilated cardiomyopathy and hypertrophic cardiomyopathy are 
comparable to our regular athlete group, and the severe mitral valve (MV) 
regurgitation group showed values of atria similar to our elite athletes.29 
 
Limitations 
Our results do not necessary apply to all athletes. While endurance athletes with high 
dynamic training develop volume overload and ventricular dilatation associated with 
high cardiac output, strength athletes with high static training (weight lifting and 
bodybuilding) develop pressure overload due to the high systemic pressure which 
has previously been associated with aortic dilatation and increased aortic 
regurgitation.16   
 
Clinical implications 
Recognition of the upper limits of atrial dilatation is clinically relevant to help 
distinguish benign cardiac remodelling in athletes from cardiomyopathies, such as 
dilated or hypertrophic cardiomyopathy or arrhythmogenic right ventricular 
cardiomyopathy, as well as possible shunting of blood from the systemic to the 
pulmonary circulation caused by atrial septal defects and / or partial anomalous 
pulmonary venous return.3, 32 
The importance of training intensity stratified upper limits is clear since athletes show 
significantly higher values as compared to non-athletic controls, and elite athlete 
men show significantly higher body surface area corrected atrial volumes as 
compared to regular male athletes. Reference values, therefore, require correction for 
body surface area, training intensity, and gender. 
Tricuspid and mitral valve E/A ratios (diastolic function) remained statistically 
unchanged in all groups. Overall, valvular insufficiency is below 5% (trace) in our 
study; only 7 had a 5-15% regurgitation fraction of one of the valves (within the 15% 
threshold of mild regurgitation). The increase in aortic regurgitation in elite athlete 
males, though statistically significant, has no clinical importance. Generally 
speaking, valvular regurgitation does not increase with training in the tricuspid, 
mitral, pulmonary, or aortic valves. 
We believe that upper limits of atrial dilatation are reflected better by the 95th 
percentile than mean + 2 standard deviations (SD); although the data is generally 
normally distributed, it is slightly asymmetrical and displaced to the right side (e.g. 
more outliers above the mean). Values above the 95th percentile require careful 
evaluation to determine whether or not they are normal. Balanced dilatation can help 
to differentiate between normal and abnormal (figure 3). The chance of abnormalities 
increases if adaptation is unbalanced, if E/A ratios differ from normal, or moderate to 
severe valvular insufficiency is present.  
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Figure 3  Example of imbalance. In contrast to normal balanced adaptation in healthy athletes (as seen in 
figure 2), cardiac MRI images of a female tri-athlete (excluded from the study) with an imbalanced 
relationship between right and left atrium and ventricle due to three pulmonary veins draining in the 
superior vena cava (partial anomalous venous return) combined with an atrium septum defect (not 
demonstrated here). (A) Before corrective surgery right atrium (53mm) and ventricle (65mm) width were 
much larger than the compressed left atrium (31mm) and ventricle (46mm). (B) Eight months after surgery 
the right diameters have normalized: right atrium (39mm) versus left atrium (41mm); right ventricle (45mm) 
versus left ventricle (54mm). 

 
 
CONCLUSIONS  
Body surface area corrected and training intensity and gender stratified values are 
required for correct assessment of normal adaptation of the atria to prolonged 
endurance training. 
Atrial-ventricular adaptation is balanced in athletes compared to non-athletes. 
Balanced adaptation is not related to more than moderate valvular insufficiency, and 
mitral and tricuspid inflow patterns remain unchanged. 
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ABSTRACT 
 
Objective The aims of this study are 1) to compare echocardiography and 
cardiovascular magnetic resonance imaging (cardiac MRI) measurements in a head-
to-head fashion and 2) to relate echocardiographic estimates of ventricular volumes 
and mass to cardiac MRI ventricular volumes. 
Methods  Healthy controls (n=59), athletes (n=59) and elite athletes (n=63) between 
18 and 39 years of age were prospectively enrolled with an average endurance 
training intensity of 2.5±1.9, 13.0±3.0 and 25.0±5.4 hours/week, respectively 
(p<0.001). 
Standard echocardiography and cardiac MRI were performed during one visit. LV 
and RV dimensions were measured on both modalities according to the American 
association of echocardiography. LV and RV end diastolic and systolic volumes and 
LV-mass were calculated on cardiac MRI. On echocardiographic M-mode LV 
volumes were estimated according to Teichholz and LV wall-mass was calculated.  
Results All ventricular and atrial dimensions were significantly increased in both 
athlete groups in both modalities as compared to controls. LV and RV dimensions 
were systematically smaller on echocardiography (p<0.001) and showed an excellent 
and significant (p<0.01) correlation to the actual volume on cardiac MRI. LV wall 
thickness and wall mass, however, were significantly (p<0.001) larger on 
echocardiography.  
Conclusions Overall, echocardiography systematically underestimates ventricular 
and atrial dimensions and volumes compared to cardiac MRI, while wall thickness 
and wall mass are overestimated. These findings should be taken into account in the 
interpretation of cardiac MRI findings in athletes in whom cardiomyopathy is 
suspected on echocardiography. We have provided a correction on the 
echocardiographic formulas to facilitate intertechnique comparability. 
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INTRODUCTION 
 
Pre-participation screening of endurance athletes has gained interest during the past 
decade. Its main focus is to prevent sudden cardiac death (SCD) from unrecognized 
cardiac pathology, including hypertrophic cardiomyopathy (HCM) and 
arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) in individuals 
<40 years, and predominantly coronary artery disease in ≥40 years of age.1-3  
If the results of clinical evaluation or preparticipation screening (including medical 
history, assessment of symptoms and sign, and electrocardiography (ECG)) of athletes 
warrant further investigation, non invasive imaging is typically used to identify the 
presence of structural heart disease.4, 5 The most frequently used imaging modality is 
echocardiography, which can accurately assess cardiac function and morphology, 
whilst being inexpensive, rapid and widely available. 
Unfortunately, physiologic changes due to long term remodelling in response to the 
increased volume load during endurance training (athletes’ heart) can resemble 
relevant cardiac disorders, associated with SCD in athletes.6, 7 This is especially the 
case when left ventricular (LV) wall thickness is increased to an extent to fulfil HCM 
criteria7, 8, or when the right ventricle (RV) becomes enlarged, a hallmark feature of 
ARVD/C on ultrasound.9, 10 This distinction is relevant when a potentially career 
changing decision must be made for the individual athlete with already suspect 
findings on the ECG.5, 7, 11 If echocardiographic results remain inconclusive or warrant 
further investigations, cardiac magnetic resonance (Cardiac MRI) imaging can be 
considered.12 Well established cut-off values to identify cardiomyopathy have almost 
exclusively resulted from studies using echocardiography as the non-invasive 
research tool.13, 14 Whether these echocardiographic values can be implemented on 
Cardiac MRI measurements in the athletic population is unknown.  
The aim of this study is to compare cardiac MRI and echocardiographic 
measurements of ventricular and atrial dimensions as well as ventricular wall 
thickness to establish the potential bias between the two techniques. A secondary 
goal was to relate the conventionally obtained dimensions to the actual ventricular 
volumes and wall mass, with cardiac MRI as the reference method. 
 
 
METHODS  
 
Study Population 
Healthy endurance athletes (national and international competition level) and non-
athletes, aged 18 to 39 years, were prospectively enrolled. All subjects were healthy 
individuals with no history of cardiovascular disease (including hypertension and 
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diabetes). Unexpected (pathological) findings on the ECG, echocardiography, or 
Cardiac MRI during the study resulted in exclusion. The echocardiographic 
examination and the Cardiac MRI study were performed during one visit in all 
subjects. 
The final study population consisted of 181 individuals (mean age 27.1 ±5.2 years, 
39.2 % women): 122 endurance athletes whose training activities had not changed 
appreciably one year prior to inclusion consisting of 59 regular athletes (A) training 9 
to 18 hours/week and 63 elite athletes (EA) training >18 hours/week; and 59 non-
athletic healthy controls (C) exercising ≤3 hours/week. The Institutional Ethics 
Committee of the University Medical Center Utrecht approved the study. All persons 
gave written informed consent prior to the examinations. 
 
Echocardiographic study 
The echocardiographic examination was performed with the subject at rest, lying in 
left lateral decubitus position. Ultrasound data were acquired using a Vivid 7 scanner 
(GE Vingmed Ultrasound, General Electric, Milwaukee, Wis) with a M3S broadband 
transducer. A complete echocardiographic study of both standard parasternal and 
apical views was performed in two-dimensional (B-mode) and M-mode.  
LV dimensions were measured according to the standards of the American Society of 
Echocardiography (ASE).15 The parasternal two-dimensional measurements included 
the left atria (LA) and aortic root diameter (Ao), the LV internal diameter at end-
diastole (LVIDd) and at end-systole (LVIDs), and the septal (IVSd) and posterior wall 
thickness (PWd) obtained in the long axis M-mode (leading edge to leading edge 
method), special care was taken to avoid the inclusion of the moderator band in the 
septal wall measurement. LV wall-mass was calculated from these measurements 
according to the ASE convention: LV wall-mass (gr) = 0.8 x (1.04([LVIDd + IVDs + 
PWd]3 – [LVIDd]3)) + 0.6. The LV end diastolic and end systolic volumes were 
calculated according to the Teichholz method: V (ml) = (7 / [2.4 + LVID]) x [LVID]3, 
with LVID being the internal dimension at end diastole and end systole, and V the 
corresponding volume.15 The RVOT end-diastolic diameter was determined in the 
long axis recording, perpendicular to the septum. On the apical 4-chamber view, left 
(LA) and right (RA) atrial end-systolic areas and RV end-diastolic area were measured 
by tracing the endocardial border. The end diastolic diameter of the inflow tract of 
the LV (LVIT) and RV (RVIT), at the level of the mitral and tricuspid valve tips 
respectively, were also measured on the 4-chamber view (Figure 1). 
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Figure 1  Illustrative case on methodology and inter-technique bias. Example of an elite athlete 
(professional male cyclist), with several measurements on echocardiography and cardiac MRI indicated 
(reported values are all in mm).   

 
 
Cardiac magnetic resonance imaging 
Acquisition Protocol 
All persons were examined in the supine position on a 1.5-T MRI scanner (Achieva, 
Philips Medical Systems, Best, the Netherlands). A 5-element phased-array cardiac 
coil was used for signal reception with a vector-ECG set-up for ECG triggering. The 
protocol included ECG-gated breathhold transversal T1-weighted black-blood series, 
and Steady-State Free-Precession (SSFP) cines with 2 chamber LV, 4-chamber, short 
axis, and LVOT views. The short-axis was identified using the 2-chamber LV and 4-
chamber cine images. The whole heart was imaged in the short axis plane, from 
ventricular apex to base including both atria, using 14 to 20, 10-mm slice cines 
without inter-slice gap of 50 frames per cardiac cycle during 15-second breathholds, 
with a matrix of 256x256 and field of view 350-400, repetition time/echo time of 
3.2/1.6 ms, in-plane pixel size of 1.4 mm, flip angle 55o. Images were stored digitally 
for offline analysis. The same operator performed all cardiac MRI scans. All acquired 
cardiac images were viewed to rule out cardiac pathology. 
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Cardiac MRI Image analysis 
Analysis was performed with a workstation and semi-automated contour tracing 
software (View Forum cardiac package version R5.1V1L1 2006, Philips, Best, The 
Netherlands). An experienced blinded observer (A.B.) performed cardiac MRI data 
analysis of atrial and ventricular diameters, wall-thickness, and atrial area contours. 
LVIDd, LVIDs, IVSd, LVPWd, RVOT-PLAX, and LA-PLAX were measured on the 
LVOT cine view and the LVIT and RVIT were measured on the 4-chamber view 
conform the echocardiographic analysis (Figure 1). LA and RA area contours were 
measured on the 4-chamber view using the area-length-ejection-fraction (ALEF) 
tool.16 In addition the LV-sax and RV-sax were measured on the mid short-axis view 
and the IVSd in the 4-chamber view (midIVSd). 
Endocardial contours for the LV end-diastolic and end-systolic volumes (EDV, ESV) 
were traced on the short-axis slices, including LV outflow-tract. Epicardial borders 
were drawn in end-diastolic phase for the calculation of LV wall-mass. Papillary 
muscles and trabeculae were included in the endocardial blood volume.17 Our 
contour analysists used a reproducible contour-tracing protocol for the segmentation 
method with an intraobserver and interobserver disagreement of ≤8% and ≤5% 
respectively (R2 0.93-0.99). Operators were trained with test cases before blinded 
analysis of study cases.17 All measurements were checked by a second blinded 
observer (A.T., N.P.) experienced in cardiac MRI before finalizing the results. 
 
Statistical analysis 
Continuous data are presented as mean values ± standard deviation (SD) and 
categorical data are presented as frequencies and percentages. For the comparison 
between the two techniques we used paired students T-test (differences in mean 
values), Pearson correlation (with the calculation of the slope of the linear regression, 
b), and Bland-Altman analysis (estimation of bias) on the pooled data of all 181 
subjects. Histograms of the bias of all values were constructed to evaluate whether 
there was a (normal) Gaussian distribution. One-way ANOVA with Bonferroni post 
hoc correction was used to identify differences in baseline characteristics, absolute 
values, and the mean echocardiography/ cardiac MRI bias (indicated by D ”-
parameter”) between the groups (based on athletic subdivision). Several conventional 
echocardiographic measures of dimensions and estimated ventricular volumes were 
compared to the corresponding cardiac MRI atrial and ventricular volumes using a 
two-tailed Pearson’s correlation. A P-value of < 0.05 was considered statistically 
significant. All statistical analyses were performed using commercially available 
software (SPSS version 16.0, SPSS Inc., Chicago, Ill). 
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RESULTS 
 
Study population 
The baseline characteristics of the study population have been described in detail 
previously8, 10 and are summarized in Table 1. More men were included in this study, 
but the distribution among the 3 groups (controls, regular- and elite- athletes) was 
equal. Of all athletes, 36.7% were rowers (57.8% men), 29.2% triathletes (54.3% 
men), 20.0% cyclists (91.7% men), 10.0% runners (58.3% men) and 4.2% 
participated in other endurance sports (20.0% men).  
The average values of the echocardiography and cardiac MRI measurements of 
ventricular and atrial dimensions are summarized in Table 2 for each of the three 
groups. Compared to the control group, all measurements are larger in both athlete 
groups. Although all measurements were higher in the elite athletes compared to the 
regular athletes, statistical significance was not reached in all (data reported in detail 
previously).8, 10 The RV end-diastolic area, only measured on echo, was increased in 
both athlete groups (C 20.5±4.1; A 22.7±3.4, p=0.023; EA 26.2±4.7 cm2, p<0.001), 
Commonly used Cardiac MRI measurements showed the same increase: RV-SAX (C 
44.5±6.6; A 47.1±6.1, p=NS; EA 47.6±6.4 mm, p=0.025), LV-SAX (C 54.7±4.0; A 
58.0±4.7, p<0.001; EA 59.1±4.8 mm, p<0.001), and midIVSd (C 9.0±1.5; A 9.9±1.4, 
p=0.006; EA 10.4±1.6 mm, p<0.001). 
 
Echocardiography versus cardiac magnetic resonance imaging 
The mean differences between echocardiography and cardiac MRI are shown in 
Table 3. We found significant differences between the two modalities in all evaluated 
parameters. In general, absolute values were higher on cardiac MRI compared to 
echo concerning ventricular and atrial dimensions, while values were significantly 
lower with respect to wall thickness. The relatively high and significant correlations 
between the two techniques indicate that the observed bias is systematic over/under 
estimation. Indeed, when the absolute differences were plotted in a histogram, the 
distribution showed a (normal) Gaussian distribution in all parameters. Secondly, the 
regression coefficients were all within 0.7 and 1.1, indicating that the bias did not 
increase or decrease when the absolute measures were larger. In other words, the 
bias reported in Table 3 applies to the entire range of measured values. Graphic 
representations of the results of the LVIDd, the IVSd, and the RVIT are shown in 
Figure 2. In subgroup analysis of our study population, divided in three groups based 
on athletic activity, we found no differences in the mean bias in any parameter other 
than the posterior wall thickness, where a smaller bias was found in the elite athletes. 
Since the absolute values were significantly different between the groups, it seems 
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that the ventricular/atrial size has no impact on the difference in absolute values 
between the two modalities.  
 
For the second aim of the study we evaluated how the measured dimensions on both 
cardiac MRI and echocardiography related to the actual corresponding LV/RV 
volumes and LV mass. For the actual volumes/mass we used the calculated (3-
dimensional) volumes on cardiac MRI as the reference method. Table 4 shows the 
correlation of all ventricular parameters to the actual ventricular volumes. For both 
modalities, all parameters showed a good correlation between the measured 
dimension and the corresponding end diastolic volume; only the correlation for the 
RV short axis diameter on cardiac MRI was moderate. The correlation between the 
LV end systolic volume and the LVIDs was also relatively good in both techniques 
(echocardiography r = 0.69, p<0.01 and cardiac MRI r = 0.72, p<0.01). Using the 
Teichholz formulas to calculate LV volumes, we found a large bias for both the 
LVEDV (125.1±27.4 vs. 217.5±53.4 ml, bias 92.5±31.6, p<0.001) and the LVESV 
(30.5±7.8 vs. 94.1±27.5 ml, bias 63.6±22.9, p<0.001), where cardiac MRI shows 
larger values compared to echocardiographic estimates. On the other hand, 
calculation of LV wall-mass using the ASE formula resulted in twofold higher values 
on echo (205.1±53.4 vs. 104.4±33.4 gr, bias -100.7±34.0, p<0.001). The 
correlations between the techniques were relatively good (LVEDV r = 0.83, LVESV r 
= 0.68, and LV wall-mass r = 0.79), while we observed that bias increased with 
increasing values using these formulas (LVEDV b = 1.53, LVESV b = 2.38, and LV 
wall-mass b = 0.49), also see Figure 3. In line with these findings, bias for each of 
these parameters was also significantly higher in the athletes groups compared to the 
control group.  



Chapter 7 

117	  
	  

 



Imaging the Athlete’s Heart 

118	  
	  



Chapter 7 

119	  
	  

 



Imaging the Athlete’s Heart 

120	  
	  

 



Chapter 7 

121	  
	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2  Comparison between echocardiographic and cardiac MRI measurements. (A) Echocardiographic 
measurements plotted against cardiac MRI, solid line indicates the linear regression, dashed line the 95% 
confidence interval; (B) Bland-Altman plot, solid line indicates the bias and the dashed lines the 1.96 SD; 
(C) Histogram showing the distribution of the bias, the vertical solid line indicates the mean bias. LVIDd 
(1), IVSd (2), and the RVIT (3) are shown. The red dashed line indicates the identity line. Stars = controls; 
open circles = regular athletes; solid circles = elite athletes. 
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Figure 3  Calculated echocardiographic LV volume and mass vs. cardiac MRI. LV end diastolic volume (A), 
end systolic volume (B), and LV mass (C) calculated for the parasternal long axis view on 
echocardiography plotted against volumes and mass on cardiac MRI. The solid line indicates the linear 
regression, the red dashed line indicates the identity line (y = x). Note the increase in bias with larger 
volumes/mass. Stars = controls; open circles = regular athletes; solid circles = elite athletes. 
 
 
DISCUSSION 
 
We aimed to investigate the comparability between cardiac MRI and 
echocardiographic measurements of ventricular and atrial dimensions and ventricular 
wall thickness in healthy subjects and endurance athletes in a head-to-head study 
design. Cardiac MRI measurements produced larger values of ventricular and atrial 
dimensions and ventricular volumes, while wall thickness and wall mass were 
smaller, compared to echocardiography. When relating these conventional obtained 
dimensions to the actual ventricular volumes and wall mass on cardiac MRI, there 
was a good correlation for both separate techniques. 
 
Comparison to literature 
Our study differs in methodology from previous publication, since we aimed at the 
lowest possible influence of methodological bias by minimizing individual variations 
by performing both examinations during one session (within one hour), where 
previous studies allowed for larger time windows (even up to 6 months18). 
Furthermore, our study was prospective with a relatively large population of 
individuals using state of the art non-invasive techniques. Previous studies have 
already suggested findings confirmed by the present study; RV and LV volumes and 
dimensions on 2D-echocardiography are significantly lower and LV wall-mass and 
wall-thickness higher as compared to cardiac MRI measurements, with moderate 
agreement per measurement.18-24 In particular the large difference between LV 



Chapter 7 

123	  
	  

volumes and mass on cardiac MRI compared to those derived from M-mode has 
been described.21, 24 Taken together with the findings in our study, the accuracy of 
these formulas (ASE and Teichholz) is limited, even in individuals with a normal LV 
geometry. 
The ongoing developments in both echocardiography and cardiac MRI have resulted 
in significant improvements in endocardial border definition. Despite the 
improvement in echocardiographic image quality, cardiac MRI still provides a higher 
LV and RV volume and wall-mass measurement reproducibility and accuracy due to 
its high signal to noise ratio.22, 25, 26 The contrast between blood and myocardium for 
SSFP cardiac MRI has also been shown to be better compared to the previous turbo 
gradient echo image sequences.27 It seems, however, that these improvements in 
cardiac MRI spatial resolution has resulted in a larger difference compared to 
echocardiography when the current criteria for chamber quantification are 
implemented in a head-to-head study design. Most likely, ventricular 
trabecularizations are better recognized on cardiac MRI and are therefore included in 
the ventricular measurement, while on echo this would be included in the LV-wall 
(Figure 1). This could be the explanation why the mean bias was larger in our 
evaluation as compared to the literature, despite the use of identical formulas for 
estimation of volumes and mass. 
  
Clinical implications  
A reliable assessment of ventricular dimensions by non-invasive imaging is 
mandatory when aiming to rule out potential lethal cardiomyopathies.4, 5 The ideal 
non-invasive technique for this assessment has to be accurate, widely available and, 
above all, should be able to reliably distinguish between normal and abnormal. To 
this end, a large body of evidence has been published producing specific cut-off 
values, specifically for echocardiography. With increasing availability of cardiac MRI 
units, more individuals are sent for cardiac MRI evaluation after an initial 
echocardiographic analysis. This highlights the relevance to establish the inter-
technique variability within the same subject in order to test the hypothesis that 
reference values derived from other imaging modalities are interchangeable. The 
results from this study indicate that the absolute “reference values” and “cut-off 
values” that indicate cardiac pathology which are derived from echocardiographic 
studies should not be implemented on cardiac MRI and vice versa. A septal wall 
thickness of >12mm on echocardiography, for instance, has generally been regarded 
as a cut-off value to indicate LV hypertrophy.13 When applied on a cardiac MRI 
examination, this could result in “false negative” findings given the >1mm bias of this 
measure in our study. Ventricular and atrial dimensions, on the other hand, will 
generally be larger on cardiac MRI compared to echo in a clinically relevant order of 
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size (up to 10 mm). The bias between the techniques seems to be a systematic one, 
not influenced by the value of the measure itself, indicated by the comparable bias in 
the controls (normal dimensions and LV wall thickness) and athletes (ventricular 
enlargement and LVH). Echocardiographic estimation of the LVmass and LV volumes 
using commonly applied formulas, however, showed an increase in bias as the 
absolute values increased. Although this is to be expected due to the exponential 
contributions of the 2D measurements in the different formulas, the relationship was 
however linear. This problem might be overcome using 3D-echocardiography, which 
is free from geometrical assumptions.28 In order to achieve a 1:1 relation between 
cardiac MRI and M-mode estimation of LVmass, the ASE value has to be divided by 
approximately 2 to obtain cardiac MRI values (LVmass (gr): cardiac MRI = [0.49ASE] 
+ 3.2). For LVEDV(ml) this would be cardiac MRI = [1.53Teichholz] + 26.3 and for 
the LVESV: cardiac MRI = [2.38Teichholz] + 21.6. 
In clinical practice, a single dimension is often used to get an impression of a 3-
dimensional parameter, e.g. the LVIDd for the LVEDV or the IVSd for the LVmass. 
The results in our study indicate that most of these commonly applied measurements 
do provide a good insight into the actual volume/mass in both echocardiography and 
cardiac MRI. The short axis RV diameter on cardiac MRI, however, showed only a 
moderate correlation to the actual RV volume. This was an unexpected finding, since 
it is a routinely used measure to determine RV size. With respect to the other 
measures, it should be noted that all included individuals were healthy with normal 
cardiac function, which implies that the geometrical shape of the cardiac 
compartments were not abnormal. These estimates of geometric size may be less 
accurate in case of cardiac pathology where the shape of the ventricle is deformed. 
 
Limitations 
Several factors, which are inherent to these image modalities, could have provided 
additional bias to the observed difference between the two techniques, independent 
of the previous mentioned differences in spatial resolution. First, the measurements 
were performed by two different observers; this could have resulted in a systematic 
difference in the application of the ASE guidelines. This could very well explain the 
difference in bias between RA (-1.9mm) and LA (+10.1mm) where the exclusion of 
the pulmonary vein ostia could have been performed differently. Nevertheless, we 
tried to minimize this effect by training one another and by checking the actual 
measurements in several examinations for overall consistency with the guidelines. 
Secondly, some reference points used for echocardiographic measurements were less 
clear on cardiac MRI, such as the tips of the atrioventricular valves. This can result in 
a slightly different measurement location within the heart, which was the case for the 
LVIT and RVIT. Thirdly, image planes were presumably not identical during 
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acquisition. While cardiac MRI follows a protocolized image acquisition sequence26, 

29, echocardiography is a more user dependent method, where different cardiac 
compartments could be recorded separately to obtain the optimal image. 
Nevertheless, the observed differences between echocardiography and cardiac MRI 
are too large to be solely attributed to these limitations and showed a typical 
systematic bias with a Gaussian distribution, suggesting a relevant clinical difference 
rather than just random measuring errors. 
 
 
CONCLUSION 
 
In healthy individuals and endurance athletes, cardiac MRI systematically shows 
larger values of ventricular and atrial dimensions and volumes compared to 
echocardiography, while wall thickness and wall mass are smaller. In particular the 
echocardiographic estimations of LV mass and volumes showed a large bias, which 
questions the accuracy of these formulas. We have provided a correction on these 
formulas to facilitate intertechnique comparability. These findings should be taken 
into account in the interpretation of cardiac MRI findings in athletes in whom 
cardiomyopathy is suspected on echocardiography. 
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ABSTRACT    
 
Objective Current clinical full MR angiography with multiple breathhold multiple 
thin slab acquisition (MTS) is difficult and arduous. This study describes the 
optimisation of the whole heart free – breathing balanced turbo field echo (B-TFE) 
protocol. A high-resolution image of the whole heart is produced in less or 
comparable time to MTS acquisition and allows for reconstruction afterwards to 
visualise the individual coronary arteries. The scan is easily performed because the 
volume has to be targeted only once. 
Design and setting Eighteen healthy adults without a history of cardiovascular 
disease underwent free-breathing 3D MR angiography with the B-TFE protocol. The 
whole-heart data set was reformatted in identical orientations in all subjects to 
visualise the major coronary arteries.  
Main outcome measures Vessel length, signal and contrast to noise ratio were 
determined and compared for each vessel.  
Results Mean visible vessel lengths were 116mm for the right, 102mm for the left 
main and left descending and 76mm for the left circumflex coronary artery. The 
average signal to noise ratio was 7.5 and contrast to noise ratio was 4.9. Because of 
the need for synchronised cardiac and respiratory triggering the coronaries could not 
be judged in 25% of the subjects. 
Conclusions The optimised B-TFE protocol had equal judgeability and vessels could 
be judged over longer contiguous distances compared to earlier implementations of 
the B-TFE protocol. We conclude whole heart free breathing navigator-gated and 
slice-tracked 3D coronary MR angiography with use of the adjusted B-TFE protocol is 
possible, but still suboptimal for clinical use. 
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INTRODUCTION 
 
Background 
 For several decades the cornerstone of a definitive diagnosis of coronary artery 
disease has been selective x-ray angiography. However, about 10–15% of coronary 
angiograms disclose normal or near normal coronary artery morphology.1 
Unnecessary invasive procedures might be avoided by using a diagnostic pre-test for 
this patient group such as coronary Magnetic Resonance (MR) angiography.  
 
Developments 
The current clinically usable MR angiography with multiple breath hold multiple thin 
slab (MTS) acquisition is done by making three thin 3D slabs in the directions of the 
coronary arteries. The procedure is arduous and special training for MRI 
technologists is necessary. A recent meta-analysis of Danias et al. analyzed 39 
studies on the subject of diagnostic performance of coronary MR angiography as 
compared to conventional x-ray angiography.2 They concluded that the coronary 
MTS MR angiography has a moderately high sensitivity (73%) for detecting significant 
proximal stenosis. In an earlier study Wittlinger and colleagues also compared MRA 
with x-ray angiography and concluded MR coronary angiography cannot currently 
replace conventional coronary angiography.3 
To illustrate the potential of coronary MR angiography, we discuss the prospective 
multicenter study of Kim and colleagues.4 This is one of the 39 studies in the meta 
analysis of Danias et al.2 
Kim et al. investigated the accuracy of coronary magnetic resonance angiography 
among patients with suspected coronary disease.4 Multiple thin slab coronary MR 
angiography was performed during free breathing in 109 patients for comparison 
with elective x-ray coronary angiography. Overall, MTS coronary MR angiography 
had an accuracy of 72% in diagnosing coronary artery disease. The sensitivity, 
specificity, and accuracy for patients with disease of the left main coronary artery or 
three vessel disease were 100, 85 and 87% respectively. The negative predictive 
values for any coronary artery disease and for left main artery or three-vessel disease 
were 81 and 100%, respectively.  
They concluded that among patients referred for their first x-ray coronary angiogram, 
three-dimensional MTS coronary MR angiography allowed for accurate detection of 
coronary artery disease of the proximal and middle segments. They also stated that 
the non-invasive approach reliably identifies (or rules out) left main coronary artery 
or three-vessel disease.4 
This may have value for exclusion of significant multiple vessel coronary artery 
disease in selected subjects considered for diagnostic catheterization. At present the 



3-Dimensional Coronary MRI Angiography Optimization 

132	  
	  

diagnostic accuracy of coronary MR angiography for detection of significant stenosis 
in coronary arteries is however still suboptimal.5  
Whole heart 3D coronary MR angiography was introduced in 2003 by Weber et al.1, 

6 They compared their technique with similar MTS acquisition, and concluded that 
the Left Main coronary artery (LM), Left Anterior Descending artery (LAD) and the 
Left Circumflex artery (LCx) could be visualized over a significantly longer distance 
with the whole heart approach in a single measurement.1 
In 2004 Spuentrup et al described extensively two possible techniques of whole heart 
3D coronary MR angiography: radial steady state free precession, whereby the whole 
set of images is acquired inside a cylinder in k-space, and cartesian K-space 
sampling, whereby the image is acquired inside a cubical shape in K-space.7 They 
compared both these techniques with the standard MTS gradient echo coronary MR 
angiography. They found that the radial scanning method resulted in reduced motion 
artifacts and superior vessel sharpness, whilst the cartesian method resulted in 
increased motion artifacts. Contrast-to-noise ratio with the radial method was lower 
than that with the cartesian method and similar to that with the reference MTS 
technique.7 In the same year (2004) Weber et al reported that the Cartesian 
acquisition showed superior vessel sharpness, signal to noise ratio (SNR) and CNR 
compared to the radial method.6 Spuentrup et al. prefer the radial method for 
improved vessel border definition while Weber and colleagues favour the cartesian 
method for best image quality with excellent vessel sharpness. Because of this lack of 
uniformity in recommendations in the here mentioned recent literature, both 
methods were tested in a subgroup of our subjects.6-9 
For whole heart 3D MR Angiography the two research groups of Spuentrup and 
Weber used techniques similar to the balanced turbo field echo (B-TFE) sequence; a 
bright blood sequence.6, 7 Next to the bright-blood sequence, Kim et al. used an 
additional black-blood sequence to visualize the vessel wall.10 We did not use the 
black-blood sequence because our scanner did not possess the required equipment. 
 
Purpose 
The purpose of our study was to optimize the B-TFE sequence and to evaluate its 
feasibility as a future diagnostic tool in definitive diagnosis of coronary artery disease.  
The B-TFE sequence has three major benefits. Firstly, the patient does not have to 
hold his breath during the scanning procedure as in the standard multiple thin slab 
method.2, 5 Secondly, compared to the multiple thin slab acquisition method the scan 
produces high resolution whole heart images in equal or less time (10 to 15 minutes). 
Retrospective reconstruction can visualize the individual coronary arteries as 
contiguous vessels rather than in segments. Thirdly, technicians can easily perform 
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the scan because the whole heart-volume can be targeted once instead of 3 – 4 times 
in the multiple thin slab procedure. 
Compared to the multiple thin slab method the SNR and the certainty of complete 
coronary coverage was expected to improve by taking the whole heart in one 3D 
volume. 
 
Conditions 
In the image the vascular contrast and spatial resolution must be as high as possible 
in order to be diagnostically valuable. There is however limited time to perform the 
acquisition for three reasons. Firstly, the heart has a stationary window of 
approximately 100 to 200msec during one heart cycle in diastole. The pulse 
sequence has an acquisition window of approximately 160msec of which 80-96 
milliseconds are needed for the B-TFE sequence to execute properly.7, 11 The 
acquisition can only be active in this time frame thus temporal efficiency is low. 
Secondly, the heart moves with breathing so scanning is only possible with the 
diaphragm in a predefined position. This means acquisition only takes place when 
the heart is at the predefined co-ordinates in the breathing cycle and in the diastolic 
phase. Thirdly, with increased scan time there is rest movement or drift. This means 
more image blurring occurs the more minutes it takes to complete the whole scan. 
Keeping this in mind our objective was to establish a 3D volume acquisition with a 
spatial resolution of 0.5mm X 0.5mm X 0.5mm on a 1.5Tesla MRI scanner with ECG 
and navigator triggering within an effective scan time of 10 to 15 minutes. Isotropic 
multiplanar reconstruction would then be possible in all directions to visualize the 
coronary artery without distortions.   
 
 
METHODS 
 
Eighteen healthy adults (mean age 31 years; range 23 to 60; 13 men) without a 
history of cardiovascular disease underwent free-breathing 3D MR angiography with 
the new B-TFE sequence. No breathholds or respiratory coaching was performed. 
Written informed consent was obtained from all participants. The ethics committee of 
the University Medical Centre in Utrecht has approved this research.  
 
Imaging procedure 
All subjects were examined in the supine position on a clinical, 1.5-T (Intera release 
9, Philips Medical Systems, Best, The Netherlands) scanner with an advanced cardiac 
software package. ECG triggering was done with a vector-ECG set-up and for signal-
reception a 5-element phased-array cardiac coil was used. Furthermore we used a 
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cardiac navigator pencil-beam on the right diaphragm for respiratory motion 
compensation.4, 9, 12-14 
 
Localizer scan 
A free – breathing multi-stack single shot multiple 2D turbo field echo scan with 
thoracic transverse, sagittal, and coronal images was used to identify the heart and 
diaphragm. This scan was required for placement of the cardiac navigator and 
planning of the sequence. 
 
Whole heart 3D coronary MR angiography 
The MR pulse sequence consisted of 4 elements repeated with every heart cycle, 
with a temporal relationship chosen to minimize the time interval between the 
navigator and the imaging sequence.12 The image acquisition was performed with a 
trigger delay to scan during mid diastole, a period of minimal cardiac motion. The 
MRI computer software package automatically calculated the needed delay with 
respect to the R wave of the electrocardiogram. The trigger delay was adjusted to 
sample in the middle of diastole and was defined according to the following 
equation: Trigger delay = [(RR interval in milliseconds – 350 milliseconds ) X 0.3] + 
350msec. The RR interval was calculated by the following equation: RR interval = 
(1000 X 60) / heart rate in beats per minute.15 These definitions take advantage of the 
relatively constant duration of the systolic part of the cardiac cycle (~350msec).15 We 
did not use end diastole. Although the heart is stationary in end diastole, the time 
window is to short for the sequence to complete. T2 preparation was used for muscle 
and venous blood suppression, followed by a one dimensional selective real-time 
navigator pulse for respiratory motion compensation. This was followed by a 
frequency-selective fat suppression prepulse called SPIR. The B-TFE sequence was 
initiated at the trigger delay. These four elements were repeated with every heart 
cycle (figure 1).  
 
Balanced turbo field echo imaging sequence 
The B-TFE sequence is a steady-state free precession technique that displays T1 as 
well as T2 contrast in the image. This means blood and unsuppressed fat are depicted 
in the image with high signal intensity and muscle tissue with low signal intensity.16 
Important parameters for optimizing the B-TFE sequence are the field of view (FOV), 
the acquisition matrix, turbo field echo (TFE) factor, half scan (half Fourier imaging), 
spectral pre-saturation with inversion recovery (SPIR) pulse and T2 preparation pulses 
(table 1).1, 17-21 
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Figure 1  Schematic representation of the pulse sequence per heart cycle. Image acquisition with trigger 
delay for scanning during mid diastole using T2 preparation, one dimensional selective real-time navigator 
pulse, frequency-selective fat suppression and the balanced turbo field echo acquisition sequence. 
 
 
Study protocol and evaluation    
Two to four coronary scans were performed in all healthy subjects during a one hour 
session. To investigate the impact of the modifications made to the B-TFE sequence 
on image quality, the first scan was performed with the optimized parameters of 
Weber et al. using the cartesian method before adjusting variables for the next scans. 
We then changed parameters consecutively and evaluated the image quality.1, 6 We 
also scanned five subjects using radial acquisition with optimized settings derived 
from the papers of Stehning et al. and Weber et al.6, 18 
The SNR of coronary blood was determined from a region-of-interest in the 
ascending aorta at the level of the origin of the right carotid artery. The coronaries 
were not used for calculation of SNR because values differ per coronary artery and 
chances on partial volume effect would become too high causing unreliable ROI.22 
Mean blood signal (Sblood) and SD (Nblood) were calculated, with the SNR defined 
as Sblood/Nblood. Contrast between coronary blood and cardiac muscle was 
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calculated as (Sblood-Smuscle)/ 0.5 X (Nblood+Nmuscle). Mean muscle signal 
(Smuscle) was determined at the anterobasal left ventricle.17 
All data were analyzed on an EasyVision workstation (Philips Medical Systems) 
where the user navigates through the 3D data set and interactively marks the vessel 
of interest. The course of the major coronary vessels (RCA, LM, LAD and LCx) are 
then reconstructed and displayed in a single plane (curved plane vessel 
reconstruction), from which reliable contiguous vessel lengths were determined 
(figure 2 and figure 3).17,23,24  
 
 

 
Figure 2  Curved plane reconstructions of the right coronary artery, left main and left coronary artery in 
healthy subject 15. Left: two curved plane reconstructions of the left coronary artery with a contiguous 
vessel length of 116mm. Note the double line from pericardial fluid near the origin. Right: two curved 
plane reconstructions of the right coronary artery with a contiguous vessel length of 153mm.  
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Figure 3  Right coronary artery, left main, left coronary artery and the circumflex artery in healthy subject 
16. Top: two curved plane reconstructions of the right coronary artery with a contiguous vessel length of 
149mm. Middle: two curved plane reconstructions of the left coronary artery with a contiguous vessel 
length of 134mm (Note a little pericardial fluid above the left main). Below: two curved plane 
reconstructions of the circumflex artery with a contiguous vessel length of 98mm. 

 
 
RESULTS 
 
Scanning was completed without complications in all subjects. Total imaging time 
for each acquisition varied from 10 to 25 minutes depending on heart rate and 
navigator efficiency. Curved plane vessel reconstructions of the major coronary 
vessels took 2- 3 minutes per reconstruction and are depicted in figures 2 and  
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figure 3. The 3D reconstruction following computer-assisted image segmentation 
took approximately 30 minutes to perform and enables visualization of major 
coronary vessels (figure 4). We did not meet our starting criteria of a spatial 
resolution of 0.5 X 0.5 X 0.5mm (our spatial resolution was 0.48 X 0.48 X 0.75mm) 
due to limitations in SNR and CNR on the 1.5 Tesla MRI scanner. In the cartesian 
method we used an anterior rest-slab to suppress signal from the anterior thoracic 
wall in order to suppress foldover artifacts from body parts outside the FOV, thus 
improving image quality.With the optimized TFE factor settings, in every heart cycle 
8 to 25 echoes were acquired per shot, depending on the heart rate. B-TFE settings 
were; field of view (FOV) 248mm, scan percentage 80%, acquisition matrix 256 X 
256 reconstructed to 512 X 512, 139 slices 0.75mm thick, Sense factor 1.5, echo 
time 2.5msec, repetition time 5.0msec, flip angle 90o, half scan, water fat shift 0.5 
pixels (735Hz), T2 preparation, gating window 4mm, ECG triggering in mid diastole, 
navigator triggering in expiration state. Acquisition duration; 375 heartbeats. The 
optimized settings are also depicted in table 2. Reducing the gating window from 
6mm to 4mm improved image quality, but also resulted in a time penalty due to less 
navigator acceptance. Further reduction of the gating window made the scan 
duration unacceptably long. 
The radial method did not result in better depiction of the coronary tree in the 6 
subjects scanned with this technique, confirming the results of Weber et al.6 
 
 

 
Figure 4  3D whole heart reconstruction with the 3D rendering in healthy subjects 15 and 16. Left and 
middle: the right coronary artery, the left main, left coronary artery and the circumflex artery of subject 16 
are visible. Right: left main, left coronary artery, circumflex artery and first diagonal of subject 15 are 
visible here. In this reconstruction the contiguous vessel length of the circumflex artery is 100mm. 
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Quantitative analyses  
The whole-heart data set was reformatted in identical orientations in all subjects to 
visualize the major coronary vessels. Vessel length, SNR and CNR were then 
determined and compared for each vessel (table 3).1, 25 Because of the need for 
synchronized cardiac and respiratory triggering the coronaries could not be judged in 
25% of the subjects. Although this seems worse compared to the average value of 
21% from Regenfus et al.25, one has to take into account that those values were 
obtained from evaluation of segments only rather than contiguous vessel lengths as in 
our study. 
 
 
DISCUSSION 
A non-invasive method without radiation to evaluate coronary arteries as a pre-test 
for diagnosis of coronary artery disease would be a major clinical advantage. In this 
study we demonstrated that whole heart free-breathing 3D coronary MR angiography 
with the optimized B-TFE sequence is possible.17 The optimized settings resulted in 
high resolution images that showed coronaries over long distances in arbitrary 
orientations. Our values found for mean contiguous vessel lengths of the RCA, 
LM+LAD and LCx are 19% (RCA) to even 81% (LCx) higher compared to values 
found in recent articles on MR angiography of Weber, Spuentrup, Danias et al. and 
others.1, 2, 6, 7, 9, 12, 17-19, 22, 25 
Our values versus those found in the CTA study of Kefer and colleagues and Gerber 
et al. differed significantly in CNR, LM+LAD and LCx but not in RCA mean 
contiguous vessel lengths.26 The SNR was not reported in this article.26 CNR in the CT 
angiogram was significantly higher, as expected of CT imaging. Compared to CTA an 
unexpected finding was that the mean contiguous vessel lengths of the LM+LAD and 
LCx were higher in our study. Jahnke and colleagues reported values comparable to 
ours for the main coronary vessels in their MR study.13 Although unmentioned, 
possibly the evaluation criteria were stricter in the studies of Kefer et al. and Gerber 
and colleagues.26   
Although the need for synchronized cardiac and respiratory triggering made our 
scanning sequence less reliable, the coronaries could be judged in 75% of the 
subjects. This value is comparable to MTS coronary MR angiography and other 
studies with implementation of the B-TFE sequence.1, 25  
The whole-heart approach made it easier to plan the imaging volume, thus 
preventing planning mistakes and reducing the risk of having to repeat a 
measurement. The reformats that target the individual vessels enable the entire vessel 
to be appreciated in a single image. A 3D representation of the vessel, with 
interactive viewing, could be preferable because of the preserved anatomical 
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relationships in this method.1 Visualization of the LCx in the curved plane 
reconstruction software, for example, is difficult. This is probably related to its 
anatomic location as described by Botnar et al.17 The 3D rendering tool had no 
problems visualizing this vessel, but has the disadvantage of long post processing 
time. 
Compared to previous studies, our findings are based on quantitative analyses of 
vessel length and image signal and contrast to noise ratios. Application of automated 
vessel edge algorithms with a standardized vessel sharpness score might allow for 
more objective comparisons.17, 23 
Although promising and feasible, there are three problems making the procedure 
difficult to implement in a clinical environment. Firstly, the optimum sequence took 
10 to 15 minutes in most subjects. Nevertheless, acquisition time ranged from 20 to 
25 minutes in three of the eighteen subjects: 10 minutes longer than our set 
maximum of 15 minutes. This can be explained by a heart rate above 100 per minute 
in these subjects, which gave little time for acquisition during diastole. Furthermore, 
their respiration rate was higher and more irregular compared to the other subjects, 
which caused the navigator to accept fewer images. Jahnke et al.13 introduced a 
double navigator pencil-beam, one for cranio-caudal and the other for anterior-
posterior component, to make the sequence more robust but did not succeed in 
improving navigator acceptance. Their temporal resolution and navigator acceptance 
was similar to ours, using a single navigator beam. 
Secondly, in contrast to computed tomography (CT) large signal contributions 
originate from outside the heart. Careful segmentation of the raw data set is therefore 
crucial and takes additional time. Although curved plane vessel reconstructions 
initially took us 20 to 30 minutes to visualize all three coronary vessels, there is a 
rapid learning curve and with experience the post processing time is under 10 
minutes for all subjects. The 3D reconstruction method is better for LCx visualization 
but it took approximately 30 to 45 minutes per dataset. Alternative approaches for 
visualization must be developed to guarantee optimal representation of the entire 
coronary tree in acceptable time. 
Thirdly, although adequate, SNR is a limiting factor in the current implementation. 
Apart from increasing acquisition time, a 3Tesla scanner could be an alternative 
approach. An improved scanner may offer more possibilities due to the increased 
SNR and CNR.19, 22  
One limitation is we could not use the black-blood sequence to evaluate the vessel 
wall because our scanner did not possess the required equipment. Another limitation 
of this study is that we have limited experience with image characteristics of stenotic 
lesions on MR. 
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This latter issue has been addressed in a recent study by Sakuma et al. who 
prospectively evaluated 39 patients suspected of having coronary artery disease using 
whole-heart 3D coronary MR angiography (free breathing B-TFE sequence).27 Twenty 
patients also underwent conventional x-ray coronary angiography. Image acquisition 
failed in 13% of the patients because the MR study time exceeded 30 minutes due to 
diaphragm drift causing low navigator efficiency. Average imaging time was 
approximately 14 minutes. The sensitivity and specificity of MR angiography for 
detecting significant stenosis (>50%) were 82% and 91% respectively.27 Sakuma et 
al. produced a higher percentage of interpretable scans with their B-TFE sequence 
(87%) compared to our B-TFE sequence (75%) and the MTS study of Kim et al. 
(84%), the scanned populations were however small.4,27 Further multicenter studies 
are therefore required to determine the diagnostic value of this technique in the 
detection and exclusion of significant coronary artery disease.27 
 
 
CONCLUSIONS 
 
The presented optimized B-TFE sequence had equal judgeability and favorable image 
quality and vessels could be judged over longer contiguous distances compared to 
earlier implementations of the B-TFE sequence. Long acquisition and 3D post 
processing times and the limited SNR and CNR in this method make the procedure 
difficult to implement in a clinical environment. We conclude whole heart free 
breathing navigator-gated and slice-tracked 3D coronary MR angiography with use of 
the adjusted B-TFE sequence is possible, but still suboptimal for clinical use. 
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ABSTRACT 
 
Objective  Under 35 years of age, 14% of sudden cardiac death (SCD) in athletes is 
caused by a coronary artery anomaly (CAA). Free-breathing 3-dimensional magnetic 
resonance coronary angiography (3D-MRCA) has the potential to screen for CAA in 
athletes and non-athletes as an addition to a clinical cardiac MRI protocol. 
Methods  360 healthy men and women (207 athletes and 153 non-athletes) aged 18-
60 years (mean age 31±11 years, 37% women) underwent standard cardiac MRI with 
an additional 3D-MRCA within a maximum of 10 minutes scan time. The 3D-MRCA 
was screened for CAA. 
Results  335 (93%) subjects had a technically satisfactory 3D-MRCA of which 4 (1%) 
showed a malignant variant of the right coronary artery (RCA) origin running between 
the aorta and the pulmonary trunk. Additional findings included 3 subjects with 
ventral rotation of the RCA with kinking and possible proximal stenosis, 1 person 
with additional stenosis and 6 persons with proximal myocardial bridging of the left 
anterior descending coronary artery. Coronary CT-angiography (CTA) was offered to 
persons with CAA (the CAA was confirmed in 3, while 1 person declined CTA) and 
stenosis (the ventral rotation of the RCA was confirmed in 2 but without stenosis, 
while 2 people declined CTA). Overall 3D MRCA quality was better in athletes due 
to lower heart rates resulting in longer end-diastolic resting periods. This also enabled 
faster scan sequences. 
Conclusion  3D-MRCA can be used as part of the standard cardiac MRI protocol to 
screen young competitive athletes and non-athletes for anomalous proximal coronary 
arteries.  
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INTRODUCTION 
 
Coronary artery anomalies (CAA) are the second most common cardiovascular cause 
(14%) of sudden cardiac death (SCD) in athletes under 35 years of age, following 
hypertrophic cardiomyopathy (36%).1 Coronary artery disease (CAD, 3%) and 
myocardial bridging (< 3%) are uncommon causes of SCD in young athletes in 
contrast to athletes over 35 years where 80% of SCD is caused by atherosclerotic 
disease with significant coronary stenosis.2-5  
High risk CAA involve a malignant course between aorta and pulmonary trunk which 
can be compressed during exercise. A left anterior descending (LAD) coronary artery 
originating from the right sinus is most commonly associated with SCD, followed by 
the right coronary artery (RCA) originating from the left sinus.2, 6  
While multi-detector computed tomography (MDCTA) angiography is faster and 
more adequate than magnetic resonance angiography (MRA) for the identification of 
CAD and relevant coronary stenosis, MRA without contrast and radiation is 
preferable in younger athletes where it suffices to rule out CAA.  
Standard cardiac magnetic resonance imaging (MRI) multiple-thin-slab angiography 
is time-consuming as it requires breath-holding and knowledge of the exact position 
of the coronary arteries, while free-breathing 3-dimensional magnetic resonance 
coronary angiography (3D-MRCA) only requires the location of the proximal aorta 
and pulmonary trunk to position the scan volume. [7] 3D-MRCA of the whole heart 
takes 20 minutes on average (range 15-27) leaving limited time for additional 
imaging of cardiac anatomy and function.7  As only the proximal coronary arteries 
are of interest to rule out CAA, a shorter scan with limited coverage can be combined 
with clinical cardiac anatomy and functional MRI.  
The purpose of this study was to test if a 10 minute free-breathing 3D-MRCA scan 
can be included in the clinical cardiac MRI protocol to rule-out CAA in athletes and 
non-athletes.  
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METHODS 
 
Study Population  
From a larger study of 480 prospectively recruited healthy persons, 360 healthy men 
and women aged 18 to 60 years (mean age 31±11 years, 37% women) underwent 
free-breathing 3D-MRCA additional to the standard cardiac anatomy and functional 
MRI. No one had a chronic illness, such as diabetes mellitus, hypertension or familial 
hypercholesterolemia. There were 207 athletes (exercising at least 9 hours per week), 
and 153 healthy non-athletes (exercising ≤ 3 hours per week). The Institutional Ethics 
Committee of the University Medical Center Utrecht approved the study and all 
persons gave written informed consent. 
 
Acquisition Protocol 
All scans were performed on a 1.5-T MRI system (Achieva release 1.5, Philips 
Medical Systems, Best, the Netherlands). All images were acquired by the same 
operator (N.H.P) using vector-electrocardiogram triggering with a 5-element phased-
array cardiac coil for signal reception. The standard protocol, of which the results are 
described separately, included breathhold steady-state-free-precession cines of 
different views of both ventricles and flow measurements of the cardiac valves.8 
In addition, a free-breathing steady-state-free-precession 3D-MRCA sequence 
containing the proximal course of the coronary arteries was planned on still images 
of the thoracic and abdominal region in the transversal, coronal, and sagittal planes. 
The 3D-MRCA was performed in cartesian acquisition mode including a T2 
preparation pulse and a fat suppression preparation pulse, repetition/echo time 
5.4/2.6, flip angle 90°, rectangular field-of-view (FOV) 100%, scan percentage 100% 
and sensitivity encoding reduction of 2 in the anterior-posterior, and 1 in the feet-
head direction. Turbo-field-echo factors were maximized individually to match the 
end-diastolic resting period obtained by visually identifying the time window of least 
RCA movement during diastole (resting period) on a 4-chamber cine.7 Respiratory 
navigators were used by placing the 2-dimensional (2D) excitation pulse on the 
highest point of the liver on the right side of the diaphragm. To optimize scan-time 
while trying to maintain an isotropic in-voxel resolution of 0.55mm2, the FOV was 
minimized and matrix size was adjusted without introducing fold-over artifacts per 
scan. The 3D-MRCA was planned in coronal view, starting from around 2 cm above 
the aortic root to about 5 cm below the aortic root, to obtain minimal necessary 
anatomic coverage of the proximal coronary artery tree at maximum possible in-
slice-resolution, while not exceeding the maximum scan time of 10 minutes 
(including 40% navigator efficiency). If the scan duration prognosis exceeded the 10 
minutes maximum, the slice thickness and the number of slices were adjusted 
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(ranging from 139 slices of 0.55mm, 70 slices of 1mm, or 35 slices of 2mm). No 
medication was given to lower the heart rate. 
 
Post Processing and Data Analysis 
The 3D-MRCA dataset was transferred to a Vitrea workstation version 4.0 (Vital 
Images) for source image analysis, slab maximum-intensity-projection, and 3-
dimensional reconstructions.  
A radiologist experienced in cardiac MRI (B.K.V.), and blinded for participant 
characteristics, scored all 3D datasets on the source images. The overall image 
quality of the 3D-MRCA was visually graded for CAA and separately for proximal 
coronary stenosis as; 0-indicating uninterpretable poor quality (technically 
unsatisfactory scan/ non diagnostic); 1- moderate (suboptimal visualization of all the 
major coronary arteries but assessment is still possible); 2- good visibility of all the 
proximal coronary arteries. Proximal stenosis assessment was scored separately, as 
higher image quality is required for correct stenosis assessment than is necessary for 
visualizing the origin and course of the coronary arteries. In addition, the 3 coronary 
arteries were also assessed separately using above-mentioned grading system. The 
anatomic position of the three major coronary arteries and their proximal course in 
relation to the aortic root and the pulmonary trunk, the presence of proximal lumen 
reduction of more than 50%, and the presence of myocardial bridging were 
evaluated. 
Final diagnosis was determined for positive findings in a consensus meeting with a 
cardiologist experienced in cardiac MRI (M.J.C.). Subjects with a CAA or proximal 
stenosis on 3D-MRCA were offered a low-dose (1-3mSv) prospectively triggered 
multidetector CT angiography (MDCTA), and if necessary additional testing, for 
confirmation. Participants with myocardial bridging were not offered MDCTA as it is 
a common incidental finding on CT and only very rarely associated with sudden 
cardiac death in asymptomatic people.4, 6, 9 The 3D-MRCA diagnosis was not 
systematically confirmed in all subjects as MDCTA was not mandatory because of 
the required radiation exposure in a perceived healthy population. 
 
Statistical analysis 
Continuous data are distributed normally and are presented as mean values ± 
standard deviation (SD). P-values <0.05 were considered statistically significant. 
Differences between groups were assessed using ANOVA with Bonferroni correction. 
Categorical data were expressed as frequencies and percentages. 
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RESULTS  
 
Study population demographics are shown in table 1. Athletes had a significantly 
lower heart rate as a consequence of their significantly higher training intensity. 
Overall grading of the coronary arteries for assessment of CAA and stenosis and per-
vessel grading results are presented in table 2. A technically satisfactory (graded 
moderate or higher) 3D-MRCA was obtained in 335 of 360 scanned subjects (93%) 
for CAA and in 288/360 (80%) for the presence of significant proximal stenosis. In 
athletes, 83% of the 3D-MRCA scans were graded as good for CAA assessment, and 
61% for proximal coronary artery stenosis assessment, as compared to respectively 
75% and 49% in non-athletes. The per-vessel assessment in athletes graded was 
good in 73% of the RCA, 66% of the LAD, and 67% of the left circumflex (LCX) 
coronary artery as compared to respectively 67%, 59% and 56% in non-athletes. 
The number of slices per 3D-MRCA package were 139 slices in 100 (28%) cases, 70 
slices in 220 (61%), and 35 slices in 40 (11%). A lower heart rate, as seen in athletes, 
improved coronary anatomy and stenosis assessment significantly (mean heart rate in 
scans that scored moderate and good were respectively 69 ± 11 and 59 ± 10 beats 
per minute, P<0.0005), and facilitated completion of more and thinner slices per 
package within 10 minutes scan time. 
However, the image grade only had a statistically significant relation to the number 
of slices per package in the 139-slice package (P <0.05); the 139-slice package was 
graded as good in 85%, 70 slices in 78% and 35 slices in 78%. Coronary segments 
that were covered by the 3D-MRCA package included the left main coronary artery 
(LMCA) and the proximal and mid portion of the LAD (including first diagonal 
branch), the LCX, and the RCA. 
The occurrence of CAA, myocardial bridging and stenosis is presented in table 3. The 
radiologist (B.K.V.) found 4 cases (1%) with CAA, 4 cases of proximal significant 
stenosis, and 7 cases of proximal myocardial bridging of the LAD. Agreement was 
reached in all positive cases by consensus reading with the cardiologist (M.J.C). The 
4 CAA cases all showed the RCA running between the aortic root and the pulmonary 
trunk, 3 of which originated from the left sinus and 1 originated higher from the 
ventral aorta. No LAD originated from the right sinus and there were no LCX 
anomalies. One of the four cases of stenosis was a LAD stenosis. The other three 
cases of stenosis concerned a ventral rotation of the RCA originating from the right 
coronary sinus with a proximal kink, and possible stenosis. RCA ventral rotation of 
the origin, towards the space between the outflow tract of the right pulmonary artery 
and aorta, was found significantly more (P < 0.05) in athletes (50 subjects (24%): 26 
men, 24 women) than in non-athletes (24 subjects (16%): 11 men, 13 women).
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All cases with CAA and/or possible presence of stenosis were offered a MDCTA for 
confirmation. Individual imaging results are presented in figures 1 through 4. Athletes 
were offered a super Bruce tread-mill protocol until physical exhaustion [10] and 
non-athletes a standard Bruce tread-mill protocol, which if positive was followed by 
X-ray coronary angiography and treatment if necessary. 
 
 

 
Figure 1. Twenty-eight year old male athlete with a malignant course of the RCA between the aorta and 
the pulmonary trunk with slight narrowing of the RCA origin on 3D-MRCA (A) and MDCTA (B). Bridging 
(intramuscular course) of the mid-LAD on 3D-MRCA (C) and MDCTA (D). The super Bruce tread-mill test 
and scintigraphy were negative. No X-ray coronary angiography was performed.   
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Figure. 2. Twenty-one year old male non-athlete with a high ventral aorta origin RCA on 3D-MRCA (A: 
axial image, B: coronal oblique image) and confirmed on MDCTA (C). The standard Bruce tread-mill test 
was negative. No scintigraphy or X-ray coronary angiography was performed. 

 
 
DISCUSSION 
 
Our results show that the origin and the proximal course of the coronary arteries are 
well depicted with 3D-MRCA, but the visualization of stenoses is less reliable. A 10 
minute 3D-MRCA protocol can be used to screen for CAA in asymptomatic athletes 
under 35 years old. However in our opinion, older athletes and those with 
cardiovascular complaints should undergo prospectively triggered MDCTA because 
3D-MRCA has relatively low stenosis assessment capability and limited coronary 
anatomy coverage within the time frame.  
 
Comparison to the literature 
The number of interpretable 3D-MRCA scans is comparable to the 84% reported by 
Kim.11 Of all 335 technically satisfactory scans, the RCA originated from the left sinus 
in 3 cases (0.90%), one RCA originated higher from the ventral aorta, and no LAD 
originated from the right sinus, which is comparable to the x-ray coronary 
angiography prevalence as reported by Angelini; 0.92% for RCA and 0.15% for 
LAD.5, 12 The MDCTA incidence of CAA is 2.5% as reported by Schmitt including the 
RCA originating outside its sinus in 0.40% and the left coronary arteries (both LAD 
and LCA) in 0.74% (a LAD originating outside its sinus with a normal LCA was not 
observed in their study).13 
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Figure 3  Forty-six year old male athlete with left sinus origin and malignant course of the RCA between 
the aorta and pulmonary trunk on 3D-MRCA (A) and MDCTA (B). An additional significant soft-plaque 
stenosis of the mid-RCA (70% lumen narrowing) on MDCTA (C) was missed on 3D-MRCA due to limited 
coverage. The Agatston coronary calcium score was negative. The super Bruce tread-mill test was positive. 
No scintigraphy was performed. An X-ray coronary angiogram showed an 80% lumen stenosis of the mid-
RCA (D). Percutaneous coronary intervention of mid-RCA with bare metal stent implantation was 
performed (E).  
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Figure 4  Thirty-five year old male athlete with a ventral rotation of RCA originating from the right 
coronary sinus without malignant course but with possible stenosis on 3D-MRCA (A). The ventral rotation 
origin of the RCA was confirmed, but no stenosis was seen on MDCTA (B). The super Bruce tread-mill test 
was negative. No scintigraphy or X-ray coronary angiography was performed. 

 
   
Although occurring infrequently, physical exercise is suggested to be highly related to 
SCD when the LAD has an anomalous origin from the right sinus and runs between 
the aortic root and the pulmonary trunk.6, 14, One study reports that an anomalous 
origin of the RCA from the left sinus, as found in 3 of our subjects, occasionally gives 
major symptoms such as chest-pain or syncope and is the cause of 13% of CAA 
related SCD.2 An unusually high anterior origin of the RCA from the ascending aorta 
(“high take-off position”) and continuing down at a steep angle to the aorta as seen in 
one of our male non-athletes, has been described earlier by Schmitt and found in 2 
(0.11%) of 1758 MDCTA screened patients suspected for CAD.13 
Coronary artery stenosis was observed on 3D-MRCA in 4 male athletes, but not 
confirmed in the 2 athletes who subsequently underwent MDCTA. MDCTA found 
another RCA soft-plaque stenosis which was not included in the limited 3D-MRCA 
coverage. We have a lower occurrence of coronary stenosis as compared to the 2% 
prevalence of coronary stenosis as reported on MDCTA in low risk (0 or 1 
cardiovascular risk factor) asymptomatic individuals aged 50+/-9 years.15 This is 
partly due to our younger population and probably also due to the limited coverage 
and reliability for assessing stenosis on a short 3D-MRCA protocol.  
Myocardial bridging of the LAD was observed in 7 of our cases, which was only 
confirmed in one person by MDCTA as the other subjects did not undergo MDCTA. 
The actual prevalence of asymptomatic myocardial bridging varies widely between 
x-ray coronary angiographic studies (0.5-2.5%)16, 17, MDCTA (17-58%)4, 9, 18 and 
autopsy series (15-85%), and most commonly affects the LAD.4, 17  
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Origin rotation variation of the RCA and the LCA with normal coronary origin from 
the sinus of Valsalva, caused by rotation of the aortic root between 45° and 90°, have 
been described earlier although only found in 0.22%.13  
 
Clinical implications 
A 10 minute 3D-MRCA protocol can be used as a non-invasive screening tool to 
exclude CAA in asymptomatic athletes under 35 years of age as they have low risk of 
CAD.3, 19 Older athletes and athletes with cardiovascular complaints should currently 
undergo prospectively triggered MDCTA because 3D-MRCA cannot effectively rule 
out stenosis due to relatively low reliability in stenosis assessment, as well as limited 
coverage in a short protocol.19 Figure 3 illustrates this shortcoming: a soft plaque with 
a severe stenosis was found in the mid-segment of the RCA on MDCTA and this 
segment was outside the coverage of the 3D-MRCA. A low dose prospectively 
triggered MDCTA provides high resolution images which can confirm CAA and 
visualize the extent of associated intramural course and lumen stenosis, and rule out 
additional stenosis as it covers the entire coronary artery tree. 
Conventional exercise stress testing can be an insufficient stress in a well-trained 
athlete. Additional testing in an athlete with CAA and/or asymptomatic stenosis can 
involve exercise testing until physical exhaustion using the super Bruce tread-mill 
protocol instead of the standard Bruce tread-mill protocol, to detect local ischemia or 
arrhythmias.20 If positive, a x-ray coronary angiography or scintigraphy can be 
performed.  
Myocardial bridges in the LAD are a common finding with intramyocardial segments 
often showing mild-to-moderate luminal narrowing at rest, which is higher during 
end-systolic phase, but rarely causes angina or infarction through intermittent phase-
dependent vessel compression.4 As a prospective MDCTA is usually only acquired in 
the end-diastolic phase of the cardiac cycle it will not demonstrate possible 
narrowing during systole.1 If detected, myocardial bridging in symptomatic patients 
can be treated with β-blockers, nitrates or calcium antagonists and, in extremely 
selected cases, percutaneous coronary intervention or coronary artery bypass 
grafting.4 
 
Limitations 
Although 90% of the 3D-MRCA scans were technically satisfactory, β-blockade 
could further improve image quality as it lowers heart-rate and heart rate variability 
and increases the end-diastolic resting period significantly.21 However, little 
improvement may be expected in athletes with a regular heart rate below 60 beats 
per minute.  
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This study was not set up as a side-by-side comparison to MDCTA or X-ray coronary 
angiography as previous studies focusing on these comparisons have been already 
performed and the amount of radiation exposure was considered unethical in these 
healthy subjects.22, 23 We discussed the results individually and left the people the 
choice for further diagnostic testing. As a consequence, test characteristics such as 
sensitivity and specificity cannot be presented.  
 
CONCLUSION 
 
3D-MRCA can depict coronary origin and the proximal course well but stenosis 
visualization is less feasible. Lower heart rates greatly improved overall image quality 
in athletes. A 10 minute 3D-MRCA protocol can be used to screen for CAA in 
asymptomatic athletes and non-athletes under 35 years old. Older athletes and those 
with cardiovascular complaints probably should undergo (prospectively) triggered 
MDCTA. 
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GENERAL DISCUSSION   
 
Cardiac MRI and multidetector CT (MDCT) are well-established non-invasive 
imaging modalities that provide highly reproducible and accurate assessments of the 
structure and function of both the right and left ventricle. The increase in pre-
participation cardiovascular screening using the Lausanne protocol will ultimately 
lead to an increased use of cardiac MRI and MDCT in the cardiovascular work-up of 
athletes. Both modalities can be used in athletes with suspicious cardiovascular 
symptoms, as well as asymptomatic athletes suspected of abnormalities on screening, 
to help exclude or confirm cardiac disease associated with sudden cardiac death. 
Cardiac MRI is preferable for evaluating cardiomyopathies and myocarditis without 
radiation exposure. While MRI angiography can be used to identify coronary artery 
anomalies, MDCT angiography is better suited to identify coronary artery disease. 
Chapter 2 
 
No clear instructions are available, particularly for the right ventricle (RV), for 
defining how to quantify volumes and wall mass by contour tracing the left ventricle 
(LV) and RV. By adapting a widely used short axis contour tracing protocol with a 
specific set of instructions we obtain good reproducibility and correlation of LV and 
RV results that can be used for standardized analysis in both a clinical and research 
setting. Chapter 3  
Previous studies report large variability in inter- and intraobserver differences for 
endocardial and epicardial contours in the two most basal planes.1-8 In addition, 
exact instructions on what to include in the most basal planes to calculate volumes 
and wall mass are often unclear.9-11 We use the short axis cine as it is a standard part 
of research and clinical MRI scan protocols and allows the most accurate analysis of 
both ventricles. We include the LV and RV outflow tracts as they are part of the 
ventricles and these clear anatomical landmarks increase reproducibility. The 
amount of papillary muscle or trabeculae which can be drawn in for mass varies 
substantially and can make up to 20% difference in wall mass.9, 10, 12-15 We therefore 
choose not to include papillary muscles in the wall mass, but instead include 
papillary muscles and trabeculae in the blood volume for efficiency and 
reproducibility.16 In subjects in which we encounter difficulties due to lack of 
anatomical landmarks, especially for the tricuspid valve, we establish “cut-off” lines 
that correspond with the valve planes on the RV and LV outflow tract, 4 chamber and 
2 chamber left and right cines. Following brief coaching how to perform the 
measurements, persons inexperienced in cardiac MRI can now be trained to provide 
reliable results. It remains important that the reporting physician checks the results of 
the persons performing the quantification analysis. This protocol can be especially 
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beneficial in quantification of RV volumes and mass for possible cardiomyopathy 
with RV involvement, like arrhythmogenic RV dysplasia/cardiomyopathy (ARVD/C), 
and follow-up of congenital heart disease such as tetralogy of Fallot.17-21 
 
Chapter 4 provides cardiac MRI reference values for healhy young endurance 
athletes (aged 18-39 years), and an age and gender matched healthy population with 
recreational sports activities. Differences in our reference values from those reported 
in literature are mainly due to dissimilarities in acquisition and analysis technique as 
also described in chapter 3. 
 
Multivariate linear regression analysis shows gender, training-hours/week, and body 
surface area (BSA) to be the most important predictors to influence these reference 
values. BSA corrected volumes and wall-mass are higher for men, and increase with 
higher training-hours/week in endurance athlete men and women. Age has no impact 
on volumes or wall-mass in athletes below 40 years of age.  
Endurance athletes have the greatest increase in LV dimension and wall thickness.22 
Other types of sport should fall within the reference values in this study of moderate-
to-high dynamic high-static endurance athletes as classified by Futterman (adapted 
from Mitchell).23 One must realize that endurance sports, especially rowers and 
cyclists, often involve a strength component.22 In our study, only elite cyclist men 
show significant differences in ventricular volumes and wall-mass to other sport 
types.  
A substantial number of predominantly male athletes fulfil criteria for ARVD/C, 
dilated cardiomyopathy (DCM) or hypertrophic cardiomyopathy (HCM). Isolated 
criteria for ARVD/C (RV dilatation with diameters even more than 50mm and RV 
ejection fraction <45%) are often met in our healthy population; more in men than in 
women, and mostly in elite athletes.24 This should be taken into consideration when 
evaluating endurance athletes who are suspected for ARVC in order to prevent false 
positive results. 
We have a higher percentage (9.8% in men and 3.5% women non-athletes, 47% 
men and 7.0% women regular, 55% men and 16% women elite athletes) of athletes 
with LV cavity dimensions of ≥ 60mm, a commonly used cut-off for DCM, than 
previously reported using echocardiography (14-15%).22 LV cavity dimensions of ≥ 
60mm are not related to sport-type in our study but were related to higher BSA. 
In differentiating normal adaptation from HCM, Pelliccia and Maron found a 
maximum inter-ventricular-septum-wall-thickness (IVSmax) grey zone of 13-15mm in 
2% of male elite athletes and no wall thickness beyond 16mm.22 Our higher 
percentages of IVSmax of 13-15 mm, only found in male athletes (5% regular and 
15% elite male athletes) and none exceeding 15mm, are probably due to the taller 
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Dutch Caucasian population, representative for northern Europe. To help prevent 
inconclusive reports, the 95th percentile reference values can be used as an 
alternative to standard upper limits used for the general population. 
 
The effect of age on cardiac volumes and wall-mass as described in chapter 5 
indicates that ventricular volumes and LV wall-mass values show a significant 
decrease with increasing age in athletes but not in non-athletes. In multivariate 
analysis there is only limited impact of age on ventricular volumes and virtually no 
impact on ventricular mass. As non-athletes show no significant age differences, the 
cardiac adjustment in mature athletes is probably caused by changing training 
intensity per training-hour rather than a direct effect of age. Ventricular volumes and 
LV wall-mass in mature athletes remain significantly higher as compared to their 
matched non-athletes and significantly lower as compared to young athletes. 
Moreover, in a considerable proportion of our participants we find values higher than 
the commonly used cut off values in routine clinical practice (e.g. IVSMax, LV and 
RV dimension). This indicates that mature athletes form a distinct group requiring the 
separate reference values provided by this study.  
 
Atrial enlargement in endurance athletes is significant in comparison with matched 
non-athletic controls. Athletes show balanced adaptation to their endurance training 
for both atrial – ventricular diameters and right – left size. Atrial, annular and 
ventricular dilatation does not result in increased regurgitation fractions over any 
cardiac valves, and no one has more than mild regurgitation (≤ 15%). Chapter 6 
 
In chapter 7 we investigate the comparability between cardiac MRI and 
echocardiographic measurements of ventricular and atrial dimensions and ventricular 
wall thickness in healthy subjects and endurance athletes in a head-to-head study 
design. Cardiac MRI measurements produce larger values of ventricular and atrial 
dimensions and ventricular volumes, while wall thickness and wall mass are smaller, 
compared to echocardiography. However, when relating these conventional 
obtained dimensions to the actual ventricular volumes and wall mass on cardiac 
MRI, there is a good correlation for both separate techniques. 
In clinical practice, absolute “reference values” and “cut-off values” that indicate 
cardiac pathology, which are derived from echocardiographic studies, should not be 
implemented on cardiac MRI and vice versa. In particular, the echocardiographic 
estimations of LV mass and volumes show a large bias, which questions the accuracy 
of these formulas. We provide a correction on these formulas to facilitate inter-
technique comparability. However, our results indicate that most of the commonly 
applied single dimension measurements that are often used to get an impression of a 
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3-dimensional parameter (LV internal diameter at end-diastole for the LV end-
diastolic volume or the septal wall-thickness for the LV wall-mass) provide a good 
insight into the actual volume/mass in both echocardiography and cardiac MRI.  
It should be noted that all included individuals are healthy with normal cardiac 
function, which implies that the geometrical shape of the cardiac compartments are 
not abnormal. These estimates of geometric size may be less accurate in case of 
cardiac pathology where the shape of the ventricle is deformed. 
 
A non-invasive method without radiation to evaluate coronary arteries as a pre-test 
for diagnosis of coronary artery disease would be a major clinical advantage. In 
chapter 8 we demonstrate that whole heart free-breathing 3-dimensional magnetic 
resonance coronary angiography (3D-MRCA) with the optimized balanced turbo field 
echo sequence is possible. The whole-heart approach makes it easier to plan the 
imaging volume and avoid planning mistakes, and consequently reduces the risk of 
having to repeat a measurement as can occur when using multiple breathhold thin 
3D slab acquisitions which are performed separately for each coronary artery. 
Chapter 9 describes that coronary origin and the proximal coronary course are well 
depicted with 3D-MRCA, but visualizing stenosis is less feasible. Overall image 
quality is much better in athletes due to lower heart rates. A 10 minute 3D-MRCA 
protocol can be used to screen for coronary artery anomalies in asymptomatic 
athletes under 35 years old. In our opinion, with current lower stenosis judgeability 
on MR angiography and the possibility of low dose MDCT angiography, older 
athletes and those with cardiovascular complaints should undergo MDCT 
angiography.  
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FUTURE RESEARCH 
 
Unrecognized cardiomyopathies, most commonly HCM and ARVD/C, are a major 
cause of sudden cardiac death in athletes. Differentiating the healthy athlete’s heart 
from cardiomyopathies, such as HCM, DCM and ARVD/C, on cardiac MRI is still 
complicated by a substantial overlap in diameters, volumes and wall-mass. To try 
and further narrow this overlap, the next necessary research step is the comparison of 
healthy athletes with patients with proven cardiomyopathies as well as athletes 
suspected of cardiomyopathy. We expect to find more ways to discern normal 
cardiac adaptation from cardiomyopathy. As healthy athletes show balanced 
adaptation of cardiac volume and mass, disbalance is one of the possible signs of 
cardiac disease we need to investigate.  
When screening athletes for cardiac abnormalities, sport-specific adaptation 
(specified by dynamic and static components) of the healthy athlete's heart should 
also be considered. Although we expect that other types of sport will fall within the 
reference values of our moderate-to-high dynamic high-static athletes, it is important 
to determine if high static (e.g. strength-sports) and high dynamic (e.g. field and 
racket-sports) athletes show substantial differences in cardiac diameter, volume and 
mass reference values.  
Our cardiac MRI reference values are also almost all based on a tall Dutch Caucasian 
population. Although BSA correction provides correction for length and weight, it is 
also necessary to further investigate the role of race in cardiac adaptation.  
Similar to web-based coronary calcium score assessment, a web-based reference 
system could provide individual percentile results as compared to normal reference 
values based on age, gender, race, sport-type and sport training-intensity. 
Another possible path for future research lies in the hypothesis that the athlete’s heart 
can possibly weaken due to the dilatation and increased wall-mass and wall-stress. 
This may eventually lead to atrial fibrillation, heart-failure or even arrhythmias due to 
possible fibrosis.25 
Sports activities play an important role in daily life. In both athletes and non-athletes, 
when a cardiac disease is identified which is associated with possible SCD, a risk 
assessment for physical activity is necessary which is specified for the type of cardiac 
disease.26 The role of cardiac MRI and MDCT, including delayed enhancement of the 
myocardial wall and stress testing, needs to be further investigated.  
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SUMMARY 
 
The increase in pre-participation cardiovascular screening using the Lausanne 
protocol will ultimately lead to an increased use of cardiac MRI and MDCT in the 
cardiovascular work-up of athletes. The role of cardiac MRI is well established in the 
evaluation of cardiomyopathies, myocarditis, aortic stenosis and diseases of the 
aorta. 3D-MRCA can detect coronary artery anomalies of wrong sinus origin, but is 
limited in identifying coronary artery disease. As coronary artery disease is the most 
common cause of sudden cardiac death in athletes over 35 years of age, MDCT 
(including coronary artery calcium score and coronary angiography) is a useful tool 
for cardiovascular risk stratification and assessment of the extent of coronary artery 
disease. At the expense of higher radiation exposure, MDCT can also be used for 
assessment of cardiac function. Chapter 2. 
 
Brief coaching using an adapted short axis cardiac MRI protocol with specific 
instructions, provides reproducible volume, function and mass quantification of the 
RV and LV to facilitate standardized cardiac MRI analysis for both clinical practice 
and research purposes. Chapter 3. 
 
The endurance athlete’s heart shows increased ventricular volumes, diameters, wall-
mass and wall-thickness. In young athletes of 18 to 40 years of age, high training-
hours/week, high BSA and male gender result in an increased overlap with standard 
thresholds for cardiomyopathy. To help prevent inconclusive reports, the 95th 
percentile reference values can be used as an alternative to standard upper limits 
used for the general population. Chapter 4. 
 
Only athletes show a significant decrease in BSA corrected values for ventricular 
volumes and LV wall-mass with increasing age. As non-athletes show no significant 
differences with increasing age, this effect in athletes probably reflects the change in 
training intensity per training-hour more than a direct effect of age. As the mature 
athletes still have significantly higher ventricular volumes and wall-mass than their 
matched non-athletes and significantly lower values as compared to young athletes, 
they form a distinct group of athletes requiring separate reference values. 
Furthermore, a considerable proportion of our mature participants, just as the 
younger population, show values beyond the commonly used cardiomyopathy cut 
off values in routine clinical practice. Chapter 5. 
 
Right and left atrial enlargement is significant in athletes in comparison to matched 
non-athletes. BSA-corrected and training intensity and gender-stratified values are 
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required for the correct assessment of normal adaptation of the atria to prolonged 
endurance training. Atrial and ventricular enlargement remains balanced (balanced 
adaptation) with higher training intensity, for both comparison of left to right side of 
the heart as well as for atrium to ventricle size for each side. Increased atrial and 
ventricular dilatation is not related to increased valvular insufficiency (only mild 
regurgitation ≤ 15% in both athletes and non-athletes), and mitral and tricuspid 
inflow patterns remain unchanged. Chapter 6. 
 
In healthy individuals and endurance athletes, cardiac MRI systematically shows 
larger values of ventricular and atrial dimensions and volumes compared to 
echocardiography, while wall-thickness and wall-mass are smaller. In particular, the 
echocardiographic estimations of LV mass and volumes show a large bias, which 
questions the accuracy of these formulas. We provide a correction on these formulas 
to facilitate inter-technique comparability. However, our results indicate that most of 
the commonly applied single dimension measurements that are often used to get an 
impression of a 3-dimensional parameter provide a good insight into the actual 
volume/mass in both echocardiography and cardiac MRI. These findings should be 
taken into account in the interpretation of cardiac MRI findings in athletes in whom 
cardiomyopathy is suspected on echocardiography. Chapter 7. 
 
The presented optimized 3D-MRCA balanced turbo field echo (B-TFE) sequence has 
equal judgeability and favourable image quality and vessels can be judged over 
longer contiguous distances compared to earlier implementations of the B-TFE 
sequence. Long acquisition and 3D post processing times and the limited SNR and 
CNR in this method make the procedure difficult to implement in a clinical 
environment. We conclude that whole heart free breathing navigator-gated and slice-
tracked 3D-MRCA is possible with use of the adjusted B-TFE sequence, but still 
suboptimal for clinical use. Chapter 8. 
 
3D-MRCA can depict coronary origin and the proximal course well but stenosis 
visualization is less feasible. Lower heart rates greatly improve overall image quality 
in athletes. A 10 minute 3D-MRCA protocol can be used to screen for CAA in 
asymptomatic athletes under 35 years old. Older athletes and those with 
cardiovascular complaints should undergo prospective MDCTA. Chapter 9. 
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CONCLUSION 
 
With this thesis we provide reproducible age, gender, training hours/week and body 
surface area specific cardiac MRI reference values of normal cardiac adaptation to 
physical training. This will help distinguish an athlete’s heart from cardiomyopathy 
and reduce inconclusive cardiac MRI reports due to the grey area between 
physiological adaptation and cardiomyopathy. 
The value of 3D-MRCA in detecting proximal coronary artery anomalies can be used 
as part of the standard cardiac MRI protocol to screen young competitive athletes and 
non-athletes. Screening for stenosis is currently less feasible with 3D-MRCA. 
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NEDERLANDSE SAMENVATTING 
 
De toename van cardiovasculaire screening met het Lausanne protocol, voorafgaand 
aan sportdeelname, zal uiteindelijk leiden tot een toename van hart-MRI en 
multidetector hart-CT onderzoeken bij de diagnostiek van atleten. Hart-MRI 
onderzoek is belangrijk bij de evaluatie van cardiomyopathie, myocarditis, 
aortastenose en ziekten van de aorta. 
 
3-Dimensionale magnetische resonantie angiografie van de coronairen (3D-MRCA) 
kan een afwijkende oorsprong van een coronair uit de sinus van Valsalva afbeelden. 
Het heeft echter een beperkte rol in de identificatie van coronaire arteriosclerose. 
Aangezien coronairziekte de meest voorkomende doodsoorzaak is bij atleten ouder 
dan 35 jaar, is multidetector CT (inclusief het scoren van calcium in de coronairen) 
een goede modaliteit voor risico stratificatie en het bepalen van de mate van 
coronairziekte. Met meer stralingsbelasting kan multidetector CT ook worden 
gebruikt voor de evaluatie van hartfunctie. Hoofdstuk 2. 
 
Korte training van personeel met een hart-MRI korte-as intekenprotocol, welk is 
voorzien van specifieke instructies, geeft een reproduceerbaar volume-, functie- en 
massa-kwantificatie van het rechter en linker ventrikel. Deze kan worden gebruikt bij 
standaard hart-MRI analyse in de kliniek en in een wetenschappelijke setting. 
Hoofdstuk 3. 
 
Het duursport atletenhart toont verhoogde ventriculaire volumes, diameters, wand-
massa en wand-dikte. Jonge sporters, in de leeftijdscategorie van 18 tot 40 jaar, die 
veel uren per week trainen, een groot lichaamsoppervlak hebben en van het 
mannelijke geslacht zijn, tonen een grote overlap met standaard drempelwaarden 
voor cardiomyopathie. Om inconclusieve onderzoeksverslagen te voorkomen kan de 
95ste percentiel referentie waarde worden gebruikt, als alternatief voor de standaard 
maximaal normaalwaarden zoals die worden gebruikt voor de algemene populatie. 
Hoofdstuk 4. 
 
Met het toenemen van de leeftijd laten duursportatleten een significante afname in 
lichaamsoppervlak gecorrigeerde waarden zien voor ventriculaire volumes en linker 
ventrikel wand-massa, dit geldt echter niet voor rechter ventrikel wand-massa. 
Aangezien niet-atleten geen significante verschillen tonen met het toenemen van de 
leeftijd, is het effect bij atleten waarschijnlijk gebaseerd op de verandering in 
trainingsintensiteit per getraind uur in plaats van een direct leeftijdseffect. Aangezien 
oudere atleten (40 tot en met 60 jaar) vergeleken met hun gematchte niet-atleten 
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significant grotere ventriculaire volumes en wand-massa laten zien en vergeleken 
met jonge atleten (18 tot 40 jaar) significant lagere waarden, vormen zij een aparte 
groep atleten welke aparte referentiewaarden behoeven. Een groot deel van de 
oudere atleten laat, net zoals de jonge atleten, waarden zien boven de algemeen 
gebruikte cardiomyopathie afkapwaarden zoals die worden gebruikt in de kliniek. 
Hoofdstuk 5.  
 
Het rechter en linker atrium van atleten is significant groter vergeleken met 
gematchte niet-atleten. Lichaamsoppervlak-, trainingsuren per week- en geslacht- 
gestratificeerde waarden zijn noodzakelijk voor een correcte evaluatie van normale 
aanpassing van de atria aan langdurige duursport training. 
 
Bij een toename in trainingsuren per week blijft de toename van atriale en 
ventriculaire volumes in balans (gebalanceerde aanpassing). De balans geldt voor 
zowel linkszijdige aanpassing vergeleken met rechts als voor atriumgrootte 
vergeleken met ventrikelgrootte. Toegenomen atriale en ventriculaire dilatatie is niet 
gerelateerd aan klepinsufficientie (alleen milde regurgitatie =< 15% bij athleten en 
niet-atleten). Mitralis en tricuspidalis inflow-patronen blijven ongewijzigd.  
Hoofdstuk 6. 
 
Hart-MRI vergeleken met de echocardiografie laat zowel bij atleten als niet-atleten 
systematisch grotere ventriculaire en atriale dimensies en volumes zien, terwijl wand-
dikte en wand-massa kleiner zijn. Echocardiografische schattingen van linker 
ventrikel massa en volumes in het bijzonder zijn in sterke mate gebiassed, wat een 
vraagteken zet bij de betrouwbaarheid van deze formules. 
Wij geven een correctie op deze formules voor een betere vergelijkbaarheid tussen 
beide modaliteiten. 
 
Onze resultaten suggereren dat de meeste diametermaten, welke vaak worden 
gebruikt om een indruk te krijgen van een 3-dimensionale parameter, een goed 
inzicht geven in de echte volumes en wand-massa’s voor zowel echocardiografie als 
hart-MRI. Deze bevindingen moeten worden meegenomen bij de interpretatie van 
een hart-MRI bij atleten die op basis van een echocardiogram worden verdacht van 
cardiomyopathie. Hoofdstuk 7. 
 
De gepresenteerde geoptimaliseerde whole-heart free-breathing 3D-MRCA Balanced- 
Turbo Field Echo (B-TFE) sequentie geeft, vergeleken met eerdere implementaties van 
het B-TFE protocol, een gelijkwaardige beoordeelbaarheid, een betere beeldkwaliteit 
en betere afbeelding van de coronairen over een langer continu traject. 



Chapter 10 

181	  
	  

De lange acquisitietijden en 3-dimensionale post-processing tijden en de beperkte 
signaal-ruis ratio in deze methode maken de procedure lastig te implementeren in 
een klinische omgeving. Whole-heart 3D-MRCA met het aangepaste B-TFE protocol 
is mogelijk maar nog suboptimaal voor klinisch gebruik. Hoofdstuk 8. 
 
3D-MRCA kan de oorsprong van de coronairen uit de aorta en hun proximale beloop 
goed afbeelden, echter het in beeld brengen van coronaire stenose is minder 
uitvoerbaar. Een lage hartslag verbetert de algehele beeldkwaliteit bij atleten. Een 10-
minuten durend 3D-MRCA protocol kan worden toegepast om te screenen voor een 
afwijkende oorsprong van de coronairen uit de sinus van Valsalva bij 
asymptomatische atleten en niet-atleten onder de 35 jaar. Oudere atleten en atleten 
met hartklachten zouden een (prospectieve) multidetector CT kunnen ondergaan. 
Hoofdstuk 9. 
 
 
CONCLUSIE 
 
Met dit proefschrift worden reproduceerbare leeftijd, geslacht, trainingsuren per week 
en lichaamsoppervlak specifieke hart-MRI referentiewaarden gegeven voor normale 
hart aanpassing aan duursporttraining. Dit zal helpen het aantal inconclusieve 
onderzoeksverslagen voor bevindingen in het grijze gebied tussen fysiologische 
aanpassing en cardiomyopathie te verkleinen.  
3D-MRCA kan worden gebruikt om afwijkingen in het proximale beloop van de 
coronairen bij atleten en niet-atleten op te sporen als onderdeel van het standaard 
klinische MRI protocol. Het 3D-MRCA protocol is minder geschikt voor de opsporing  
van coronairstenose. 
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